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ABSTRACT 
Plant growth and development are regulated by both hormone and circadian signaling 
pathways. The growing number of signaling molecules whose syntheses are circadian-
regulated (e.g. jasmonic acid, auxin) and the time-of-day-specific transcripts of cytochrome 
P450 monooxygenases (P450s) involved in their syntheses and catabolisms suggest an 
interactions between hormone signaling and circadian signaling networks.  
The first phase of my research profiled a total of 98 P450 genes in Arabidopsis thaliana 
as circadian-regulated at a transcriptional level under varying photoperiod and thermocycle 
conditions, and demonstrated that P450s involved in phenylpropanoid, carotenoid, oxylipin, 
glucosinolate and brassinosteroid biosynthese pathways are circadian-regulated. The next 
phase of my research investigated the circadian rhythms of P450 genes under different 
phytohormone treatments including methyl jasmonate (MeJ), salicylic acid (SA), abscisic acid 
(ABA) and indole-3-acetic acid (IAA). My analysis of transcript profiles of seedlings treated 
with individual hormones indicated the responses of many P450 genes to these hormone 
treatments are gated by circadian clock. And different hormone inductions also provided 
feedback to the circadian clock of P450 gene expressions by affecting their phase, amplitude, 
period and precision. In silico cis-element analyses of co-regulated promoters in different 
pathways identified that many known elements including Evening Element, CCA1 Binding 
Site and G-Box variant elements, as well as some novel elements including JA1 and TRP1 
were over-represented and likely to be important in circadian regulation and/or hormone 
induction. The third phase of my research focused on the bHLH transcription factor MYC2, 
which plays a critical role in JA signaling and its crosstalk with many other stresses. Analysis 
of myc2 knockout plants confirmed that MYC2 positively regulated the JA pathway and 
negatively regulated the IG pathway, and that the MeJ responses of JA signaling genes were 
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only moderately reduced in the mutant seedlings. The work suggests that there are transcription 
factors other than MYC2 playing a major role in regulating the responses to MeJ. Three closely 
related genes MYC3, MYC4 and MYC5 were found to bind to the same DNA binding sites as 
MYC2, which might play different roles, in concert with MYC2 in the integration of JA-
signaling to control both circadian and hormone response processes.  
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Chapter 1. General Introduction 
1.1 Cytochrome P450 monooxygenases  
The cytochrome P450 monooxygenase (P450) superfamily includes a diverse set of 
enzymes, which are involved in the oxidation of natural substances, such as lipids and steroid 
hormones, as well as xenobiotic substances, such as drugs and toxic chemicals. The P450 
designation stands for pigment absorbing at 450 nm, a spectral characteristic of the reduced form 
in the presence of carbon monoxide (CO). This CO coordination leads to a shift of the maximum 
of absorbance of the heme coordinated to the thiolate of a cysteine conserved in the catalytic 
center of all P450s (Omura and Sato, 1964).  
P450s are found in species as diverse as bacteria and humans (Nelson, 1999; Nelson, 
2009). Within various organisms, P450s differ substantially in their coding and promoter 
sequences as well as in the intron positions, as they are different enzymes with different 
substrates. To organize the nomenclature of the large number of P450 genes that have been 
sequenced, a common system has been established that designates individual sequences based on 
their degree of protein identity (Nelson et al., 1996). In this system, all gene names start with a 
root symbol ‘CYP’ denoting cytochrome P450. Within the same family (designated with 
numbers such as CYP1, CYP2, etc.), P450s share more than 40% identity. Within the same 
subfamily (designated with alphabetical characters such as A, B, C, etc.), P450s share over 55% 
identity. Subfamilies are further subdivided into individual coding sequences sharing at least 
97% identity (designated with a second set of numbers such as CYP1A1, CYP1A2, CYP1A3, 
etc.). Allelic variants at individual genes are then designated with another set of numbers (v1, v2, 
etc.) (Nelson et al., 1993, 1996). However, this identity rule has some exceptions, especially in 
plants, where gene duplication and shuffling often makes a straightforward nomenclature 
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difficult. In their cases, family divisions are also assigned on the basis of phylogeny and 
exon/intron organizations. Overall, this nomenclature system provides a reasonable index of 
sequence identities of P450s in individual species as well as in different kingdoms (plant, animal, 
microbial). It also highlights the few P450 families found in multiple kingdoms (e.g., the CYP51 
family involved in sterol demethylation in plants, animals, and fungi).  
In eukaryotes, P450s predominantly exist as membrane-bound proteins located in the 
endoplasmic reticulum, and much less frequently exist as soluble proteins in the mitochondria 
lumen or in the chloroplasts (Schuler, 1996; Bak et al., 2011). Association of membrane-bound 
P450s with comparably anchored NADPH-dependent cytochrome P450 reductases (CPRs) is 
required to transfer electrons from NADPH into the buried catalytic site of the P450. Reactions 
catalyzed by P450s are very diverse but usually consume oxygen with insertion of one atom into 
the substrate and reduction of the other into water (Mansuy, 1998; Werck-Reichhart and 
Feyereisen, 2000).  
RH + O2 + NADPH + H+ -> ROH + H2O + NADP+ 
P450s can also mediate reactions as hydroxylations at nitrogen and sulfur heteroatoms, 
dehalogenations, dealkylations, deaminations, and epoxidations (Schuler, 1996).  
With a wide diversity of reactive sites, P450s have relative secondary and tertiary 
structural conservations but little primary sequence conservations. The signature motif of P450s 
is a short sequence (F-X-X-G-X-R-X-C-X-G) near the C-terminus that covalently binds to the 
protoporphyrin IX (heme) containing a cysteine ligand. Yet even this motif is not strictly 
conserved, as some members only contain three of these conserved amino acids (Schuler and 
Werck-Reichhart, 2003). 
3 
 
1.2 P450s in plants 
Massive genome sequencing has led to significant insight into the expansion of P450 
superfamily in many organisms, especially in plants. Examples include Oryza sativa (rice) that 
has 356 full-length P450 genes and 99 related pseudogenes and Arabidopsis thaliana that has 
244 P450 genes and 28 related pseudogenes (Nelson et al., 2004; Bak et al., 2011). P450s count 
in other plants include: 142 in Carica papaya (papaya), 270 in Lycopersicon esculentum 
(tomato), 310 in Populus trichocarpa (poplar), 316 in Vitis vinifera (grape), 337 in Glycine max 
(soybean) and 399 in Solanum tuberosum (potato) (Paquette et al., 2000; Nelson et al., 2004; 
Nelson, 2009; Nelson and Werck-Reichhart, 2011; Schuler and Rupasinghe, 2011). In contrast, 
between 57 and 105 P450s have been identified in the Homo sapiens, Mus musculus, Drosophila 
melanogaster, Caenorhabditis elegans and Anopheles gambiae genomes (Nelson et al., 2004; 
Nelson and Werck-Reichhart, 2011). Plant P450s have been assigned names from CYP71 to 
CYP99, from CYP701 to CYP726, and CYP51 (Werck-Reichhart et al., 2002; Bak et al., 2011).  
Plant P450s are classified into two main clades (Fig. 1-1) designated as A-type and non-
A-type monooxygenases (Durst and Nelson, 1995; Paquette et al., 2000). The A-type P450s form 
a single clade that is involved in plant-specific secondary metabolism and includes 
monooxygenases in the phenylpropanoid, isoprenoid, alkaloid and glucosinolate pathways. 
Contrasting with this, the non-A-type P450s are subdivided into several individual clades that 
show more identities to non-plant P450s, and include monooxygenases involved in the synthesis 
of lipids (e.g., sterols and fatty acids), and hormones (e.g., jasmonate, brassinosteroids, auxin, 
abscissic acid, and gibberellins) (Paquette et al., 2000; Schuler and Werck-Reichhart, 2003; Bak 
et al., 2011). The large numbers of plant P450s likely result from the complex biochemical 
defense mechanisms found in plant species (Schuler, 1996; Werck-Reichhart et al., 2002). 
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Although a large number of plant P450 genes have been identified, the biological roles 
and biochemical functions for most of them are still unknown. In Arabidopsis, only around 63 
P450s have been functionally characterized (Schuler and Rupasinghe, 2011). Several obstacles 
have complicated the characterization of these proteins. One, they are membrane-bound which 
presents many chanlleges. Secondly, there are varying degrees of sequence duplication and 
divergence of the large set of P450 superfamily. Thirdly, their expression trends to be weak in 
specific tissues and/or to response to particular stresses. Fourthly, most P450s need to couple 
with a co-localized electron transfer partner such as CPR, cytochrome b5 (cyt b5) and cytochrome 
b5 reductase (Cb5R) in the correct subcellular location for the proper biochemical reaction to 
occur (Schuler and Werck-Reichhart, 2003; Schuler and Rupasinghe, 2011). Despite these 
challenges, many methods are now available that are capable of characterizing P450 transcript 
levels and enzymatic activities. Genome-wide technologies, such as microarrays and RNA-seq, 
as well as individual-gene tools such as quantitative RT-PCR, have been performed to define 
P450 expression patterns in different tissues and in response to different stresses. 
Promoter::reporter fusions with GFP or GUS proteins have been successfully utilized for protein 
localization studies. T-DNA insertion, ethylmethane sulfonate (EMS) mutagenesis, RNAi, and 
overexpression techniques have been applied to investigate the phenotypic changes associated 
with gene knockouts, knockdowns or activations. Heterologous expressions of P450s in E. coli, 
yeast and insect cell systems have been used to find substrates of individual P450 proteins and to 
further characterize their functions. Many of these strategies have been applied in combination 
for the broadest understanding of the expression patterns and physiological functions of 
individual or groups of P450s (Schuler, 1996; Schuler and Werck-Reichhart, 2003).  
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1.3 Circadian clock in plants 
The biological clock (also called circadian rhythm or circadian clock) controls many 
processes in organisms as diverse as cyanobacteria and humans. In higher plants, circadian 
rhythms persisting with approximately 24-hour periodicity regulate physiological events that 
include growth and development, photosynthesis, metabolic adaptation, protein synthesis, 
carbohydrate transport and storage, leaf and cotyledon movements and hormone signaling 
responses (Harmer et al., 2000; Covington and Harmer, 2007; Michael et al., 2008).  
Recent studies have suggested that the plant circadian clock relies on the rhythmical 
regulation of transcriptional/translational feedback loops (Fig. 1-2). In Arabidopsis, the first-
identified loop comprised two functional partially redundant MYB-related transcription factors 
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL 
(LHY), which negatively regulate the expression of an evening-phased gene TIMING OF CAB 
EXPRESSION 1 (TOC1, also known as PRR1) (Strayer et al., 2000; Alabadi et al., 2001). 
Another part of the morning feedback loop consists of the morning-phased genes PSEUDO-
RESPONSE REGULATOR 7 (PRR7) and PRR9, which repress these MYB transcription factors 
(Salome and McClung, 2005; Locke et al., 2006). While CCA1 and LHY in turn promote the 
expression of PRR7 and PRR9, to form a morning-phased feedback loop (Zeilinger et al., 2006). 
Genetically, TOC1 was proposed to be a positive regulator in this morning loop because the 
expression of CCA1/LHY is significantly reduced in toc1 mutants, by the direct interaction with 
a transcriptional repressor CCA1 HIKING EXPEDITION (CHE) (Alabadi et al., 2001; Pruneda-
Paz et al., 2009). The recent studies show that TOC1 function as a general repressor of the 
transcription of many oscillator genes including CCA1/LHY, PRR7 and PRR9 (Gendron et al., 
2012; Huang et al., 2012). An evening loop composed of GIGANTEA (GI), EARLY 
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FLOWERING 3 and 4 (ELF3 and ELF4), as well as LUX ARRHYTHMO (LUX) (Park et al., 
1999; Nusinow et al., 2011), which interlock with the morning loop, are also repressed by TOC1 
(Huang et al., 2012). ELF4 has also been identified as a key circadian repressor within the 
oscillator (Kolmos and Davis, 2007; McWatters et al., 2007). Newest research shows that only 
~22% of cycling messenger RNA transcripts were driven by de novo transcription in mouse liver 
cells, suggesting that post-transcriptional events also play an important role in the circadian 
regulation (Koike et al., 2012). Post-transcriptional modifications also play important roles for 
clock function. PRMT5, an arginine methyl transferase, is involved in the circadian network by 
regulating alternative splicing of key clock members, PRR7 and PRR9 (Farre et al., 2005; 
Pettrillo et al., 2011). There are many examples of regulated degradation of clock proteins in the 
post-translational level (Gutierrez et al., 2002; Lidder et al., 2005). ZTL, an F-box-containing 
protein, leads to the degradation of TOC1 and PRR5 via the proteosome pathway, whose activity 
is regulated by GIGANTEA (GI) and PRR3 (Mas et al., 2003; Han et al., 2004; Kim et al., 2007). 
Phosphorylation also affects the clock by mediating protein degradation (Fujiwara et al., 2008) 
and by the modifying of CCA1 for into its active form (Daniel et al., 2004). 
A large proportion of the plant transcriptome is regulated by the circadian clock, which 
plays an important role in regulation of plant growth and development. Microarray and enhancer 
trapping experiments have estimated that between 15% and 36% of the Arabidopsis genome is 
under circadian regulation at a transcriptional level in the whole seedlings (Michael and 
McClung, 2003; Edwards et al., 2006; Michael et al., 2008), but even this number may be an 
underestimate of the many changes occurring. The fact that many tissue-specific circadian 
regulations in animals (Stratmann et al., 2006) suggests that rhythmic gene expression analysis in 
specific plant tissues is likely to reveal more clock-regulated genes. 
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How does the circadian clock regulate thousands of genes to ensure peak phases of 
expression at the most befefite time points over the day? Promoter analysis using these large 
microarray datasets has identified several promoter elements involved in phase-specific light and 
circadian regulation of expression. The evening element (EE: AAAATATCT) and/or the CCA1-
binding site (CBS: AAAAATCT) are the direct targets of CCA1 and LHY, components of the 
core-clock morning loop (Fig. 1-2) (Michael and McClung, 2002; Harmer and Kay, 2005). 
Clarification of the link between the CCA1/LHY proteins and the EE or CBS promoter elements 
could provide a better understanding of how the Arabidopsis clock directly regulates evening-
expressed output genes. In addition to EE and CBS, a few other clock-enriched elements have 
also been implicated in phase-specific expression (Doherty and Kay, 2010). These factors 
include the morning element (ME: AACCAC) prevalent in the promoters of morning-phased 
genes (Harmer and Kay, 2005; Michael et al., 2008), the Midnight Module (PBX/TBX/SBX) 
(PBX: ATGCCC; TBX: AAACCCT; SBX: AAGCCC) over-represented in the promoters of 
midnight-phased genes (Michael et al., 2008), as well as the GATA (GATA) element, G-box 
(CACGTG) and hormone up at dawn element (HUD: CACATG) that have been implicated in 
the regulation of afternoon-phased and morning-phased gene expression, respectively (Hudson 
and Quail, 2003; Michael et al., 2008). The direct interactions of the elements with transcript 
factors still need to be experimentally validated.  
A study has shown that 68% of circadian regulated genes of Arabidopsis are stress-
responsive (Kreps et al., 2002). Many of these genes are distributed in different secondary 
pathways in plants. It still remains unclear how specific pathways downstream of the core 
circadian clock are regulated at various times of the subjective day and night, and how the 
circadian regulation interfaces with responses to biotic and abiotic stresses in the environment.  
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With many studies detailing the responses of this highly diverse gene family under biotic 
and abiotic stresses, the extent that P450s integrate with responses to circadian cues is presently 
unclear. The characterization of P450 responses to circadian regulation has the potential to 
identify nodes that globally coordinate transcript abundance of many pathways to specific times 
of the day. Until now, the activities of specific pathways have, for the most part, only been 
inferred from analysis of genome-wide expression patterns. To better understand the 
coordination of the downstream synthetic and catabolic pathways conferring time-of-day-
specific activities and different phytohormone elicitation, P450s have been utilized as reporters 
in my thesis research for different nodes in the network of secondary pathways emerging from 
the central circadian clock.   
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Figure 1-1. Circular cladogram of 246 full-length cytochrome P450s from Arabidopsis thaliana. 
The cladogram of Arabidopsis P450s were taken from Bak et al. (2011, Figure 5, page 5), which 
generated allowing a clear resolution of the relationships among the A type P450s (CYP71 clade) and the 
deeper branches in the non-A type P450s.   
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Figure 1-2. A simplified schematic model of circadian-clock oscillators of Arabidopsis thaliana. 
The transcriptional feedback loops interlocking consist of the dawn-phased MYB-like factors 
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), 
which negatively regulate expression of TIMING OF CAB EXPRESSION 1 (TOC1), morning-phased 
genes PSEUDO-RESPONSE REGULATOR 7 and 9 (PRR7 and PRR9). An evening loop composed of 
GIGANTEA (GI), EARLY FLOWERING 3 and 4 (ELF3 and ELF4), as well as LUX ARRHYTHMO 
(LUX). TOC1 function as a general repressor of the transcription of many oscillator genes.  
 
 
 
 
 
 
15 
 
Chapter 2. Circadian regulation of cytochrome P450s transcripts in different secondary 
pathways1 
2.1 Abstract 
Cytochrome P450 monooxygenases play important roles in the synthesis of diverse 
secondary compounds in Arabidopsis thaliana. Comparison of four microarray datasets 
analyzing seedlings harvested over a two-day period of constant conditions after growth with 
varying photoperiods and thermocycles recorded a total of 98 P450 genes as circadian-regulated 
for at least one of the four conditions. Semi-quantitative reverse transcription-polymerase chain 
reaction (RT-PCR) gel blot analyses confirmed circadian regulation of P450s in phenylpropanoid, 
carotenoid, oxylipin, glucosinolate and brassinosteroid biosyntheses, and shown that both P450 
and non-P450 genes in the many branches of the phenylpropanoid pathway have similar 
circadian patterns of expression (Pan et al., 2009). In silico analyses of the subsets of 
presumptively co-regulated promoters have identified several over-represented promoter 
elements in various biosynthetic pathway genes including MYB and MYB4 elements that are 
significantly more abundant in promoters for the core and lignin branch of phenylpropanoid 
metabolism. Interactions with these elements important for circadian regulation do not involve 
the MYB transcription factor PAP1 as previously proposed since the expression patterns of 
circadian-regulated P450s are the same in pap1-D mutant seedlings as in wild-type seedlings 
(Pan et al., 2009). 
                                                 
1 Reprinted, with permission, from Y. Pan et al., 2009, “Cytochrome P450 monooxygenases as reporters for 
circadian-regulated pathways.”  Plant Phys. 150: 858-878. 
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2.2 Introduction 
P450s play critical roles in the synthesis of lignin, pigments, defense compounds, fatty 
acids, hormones and signaling molecules in all plant species (Schuler, 1996; Werck-Reichhart et 
al., 2002). Because of their wide distribution in diverse metabolic processes, P450s can serve as 
downstream reporters for many biochemical pathways in Arabidopsis to study the circadian 
regulation for those pathways. 
Carotenoids are the pigments responsible for many fruit and flower colors and some 
components of the light harvesting complexes in photosynthesis (Bartley and Scolnick, 1995; 
DellaPenna and Pogson, 2006). Carotenoids also serve as precursors in the synthesis of abscisic 
acid (ABA). The carotenoid pathway contains two P450s in its downstream lutein branch 
mediating β-ring hydroxylations on α-carotenes (CYP97A3, LUT5) and subsequent ε-ring 
hydroxylations (CYP97C1, LUT1) (Tian et al., 2004; Kim and DellaPenna, 2006). 
Oxylipins are acyclic or cyclic oxidation products derived from polyunsaturated fatty 
acids that regulate many defense and developmental pathways in plants (Creelman and Mullet, 
1997). The oxylipin pathway in Arabidopsis contains allene oxide synthase (CYP74A1, AOS) 
mediating the synthesis of 12-oxo-phytodienoic acid (OPDA), jasmonate (JA) and methyl 
jasmonate (MeJ) from their linolenic acid precursor (Laudert et al., 1996) and hydroperoxide 
lyase (CYP74B2, HPL) mediating the breakdown of this precursor into C6-volatiles and 
octadecanoic acid (Bate et al., 1998; Matsui et al., 1999). 
Glucosinolates are a class of naturally occurring thioglucosides responsible for some of 
the unique tastes in many condiments. Many P450s function in the pathways branching to the 
production of these compounds with CYP79F1 and CYP79F2 mediating distinct functions in the 
conversion of short- and long-chain methionine derivatives to oximes (Hansen et al., 2001; 
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Reintanz et al., 2001; Chen et al., 2003) prior to their modification by CYP83A1 to produce 
aliphatic glucosinolates (Bak and Feyereisen, 2001; Hemm et al., 2003; Naur et al., 2003). In a 
parallel pathway, CYP79B2 and CYP79B3 mediate steps in the conversion of tryptophan 
derivatives to indole-3-acetyldoxime (Hull et al., 2000; Mikkelsen et al., 2000) prior to its 
oxidation by CYP83B1 to produce indole glucosinolates (Bak and Feyereisen, 2001; Bak et al., 
2001; Naur et al., 2003). 
Brassinosteroids are steroidal plant hormones essential for many plant processes, 
including cell expansion and elongation, xylem differentiation and pollen tube growth (Müssig et 
al., 2002; Asami et al., 2005; Bajguz, 2007). They have also been reported to improve resistance 
to chilling and drought stress (Clouse and Sasse, 1998). The brassinosteroid synthetic pathway, 
whose central CPD component is circadian-regulated (Bancos et al., 2006), consists of a complex 
grid of metabolic reactions that includes CYP90A1 (CPD), CYP90B1 (DWF4), CYP90C1 
(ROT3), CYP90D1, CYP85A1 and CYP85A2 (Bishop and Koncz, 2002; Fujioka and Yokota, 
2003). Brassinosteroid degradation is mediated by P450s in two other families, CYP72C1 (SOB7) 
and CYP734A1 (BAS1) (Neff et al., 1999; Nakamura et al., 2005; Takahashi et al., 2005; Turk et 
al., 2003, 2005). 
Phenylpropanoid synthesis represents one of the best-characterized pathways because it 
generates a wide variety of important products found in most plants including flavonoids that act 
as signaling molecules, protectants against ultraviolet light damage and microorganisms, lignins 
that are structural components of cell walls, and anthocyanins that act as floral pigments and 
attractants to insect pollinators (Dixon and Paiva, 1995; Whetten and Sederoff, 1995; Winkel-
Shirley, 2001). Harmer et al. (2000) first reported that the circadian clock regulated a large 
number of genes in this pathway resulting in the daily cycling of its transcripts. Within this 
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collection, four P450s mediate the hydroxylation of t-cinnamic acid (CYP73A5, C4H), p-
coumaroylshikimic/quinic acids (CYP98A3, REF8), coniferaldehyde/ferulic acid (CYP84A1, 
FAH1) and narigenin/dihydrokaempferol (CYP75B1, TT7). These P450s are widely distributed 
in the core pathway and the lignin and flavonoid/anthocyanin branches, which are postulated to 
provide scaffolds for the assembly of multienzyme channeling complexes (Meyer et al., 1996; 
Mizutani et al., 1997; Urban et al., 1997; Ruegger et al., 1999; Schoenbohm et al., 2000; Schoch 
et al., 2001; Winkel, 2004). From analysis of the pap1-D activation tagged mutant, it was 
proposed at the time that phenylpropanoid metabolism is regulated by PAP1, a MYB 
transcription factor (Harmer et al., 2000). More recent analyses have shown that PAP1 itself 
cycles and also that it regulates late flavonoid and anthocyanin gene expression  (Borevitz et al., 
2000; Tohge et al., 2005; Gonzalez et al., 2008). There was no direct evidence tying PAP1 to 
circadian regulation of the phenylpropanoid pathway. 
The analyses presented here of P450 expression patterns in four datasets, varying with 
respect to the thermal and photoperiod cycles used for entrainment, indicate that different 
combinations of these P450s display coordinated in-phase expression in the different entrainment 
conditions. The characterization of P450 responses to circadian regulation has potential to 
identify nodes that globally coordinate transcript abundance of many pathways to specific times 
of the day. Until now, the activities of specific pathways have, for the most part, only been 
inferred from analysis of genome-wide expression patterns. To better understand the 
coordination of the downstream synthetic and catabolic pathways conferring time-of-day-
specific activities, P450s have been utilized as reporters for different nodes in the network 
emerging from the central circadian clock. 
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2.3 Material and Methods 
Plant materials and growth conditions 
Arabidopsis Columbia (Col-0) ecotype and pap1-D mutant seeds (obtained from the 
SALK collection http://signal.salk.edu/, and confirmed to be homozygous by PCR genotyping) 
were sterilized in 70% ethanol for 30 sec, followed by treatment in 15% bleach for 15 min and 
then rinsed in distilled water five times. 100-200 seeds per time point were sown on half-strength 
Murashige-Skoog salts (1/2 MS) plates containing 0.8% agar without sucrose and kept in the 
dark at 4°C for 3 d before transfer to a growth chamber. Seedlings were entrained with 12 hr 
light/12 hr dark cycles at a continuous temperature (22°C) for a 7-day prior to being placed in 
continuous white light at 22°C (LL_LDHH conditions). After one day in continuous light and 
temperature conditions, seedlings were harvested for analyses at subjective dawn and every 4 hr 
over the course of the next 44 hr. 
Data sources 
The gene lists used for the analysis of different pathway promoters were derived from 
data available at TAIR (The Arabidopsis Information Resource, http://www.arabidopsis.org). 
The circadian-regulated Arabidopsis P450 gene lists of four datasets were derived from analysis 
of Affymetrix Arabidopsis genome chips as described by Michael et al., (2008). Raw data and 
analyzed data for the entire gene set can be accessed at http://diurnal.cgrb.oregonstate.edu/. 
Growth conditions were constant dark and 22oC/12oC conditions (DD_DDHC), constant light 
and 22oC/12oC conditions (LL_LLHC), 12 hr light/12 hr dark and 22oC/12oC conditions 
(LL_LDHC), and 12 hr light/12 hr dark and constant 22oC conditions (LL_LDHH). Samples 
were collected on the second and third days after switching to these conditions.  
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Microarray data analysis and normalizations 
All microarray experiments were previously described (Michael et al., 2008; Mockler et 
al., 2007). Briefly, all techniques were as described in the manufacturer-supplied protocols with 
RNA extracted from frozen tissues and labeled probes were prepared and hybridized to 
Affymetrix Arabidopsis ATH1 Genechips (Affymetrix, Santa Clara, CA). Array quality was 
checked using standard tools implemented in the Bioconductor packages simpleaffy (Wilson and 
Millar, 2005) and affyPLM (Bolstad et al., 2004). All microarrays described here were 
normalized together using GC-RMA (GeneChip Robust Multi-array Average) (Wu, 2003) and 
relative values were recorded in the microarray plots. Present/absent calls were made using the 
Affymetrix MAS5 program (Affymetrix, Santa Clara, CA). The resulting normalized unlogged 
values were used to identify cycling genes with the HAYSTACK pattern-matching tool 
(http://haystack.cgrb.oregonstate.edu/), a model based pattern-matching algorithm, which 
compares a collection of diurnal/circadian models against microarray time-course data to identify 
cycling genes. HAYSTACK has been implemented in Perl, and uses least-square linear 
regression for each gene against all model cycling patterns with 24 possible phases. A series of 
statistical tests were used to identify the best-fit model, phase-of-expression, and to estimate a p-
value and false-discovery rate (FDR) for each gene. A correlation cutoff of 0.8 which 
corresponds to a maximum FDR of 3.1%-5.8% in different datasets was used to select cycling 
genes. All microarray data can be accessed through the DIURNAL web interface 
(http://diurnal.cgrb.oregonstate.edu/). 
RT-PCR verifications 
Approximately 100 seedlings per time point were frozen under liquid nitrogen and 
powdered using a beadbeater (Biospec Products, OK), and total RNA was extracted using a Plant 
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RNeasy kit and on-column RNase-free DNase (Qiagen, MD) according to the manufacturer’s 
instructions. Semi-quantitative RT-PCR gel-blot analysis of individual P450 transcripts was 
carried out by amplifying approximately 0.1 mg of total RNA from each sample in one-step RT-
PCR reactions containing 50 mM KCl, 10 mM Tris-HCl (pH 8.4), 200 mM each dNTP, 200 
mg/mL gelatin, 40 pmol of a 5’ gene-specific primer, 80 pmol of a 3’ oligo-dT primer, 2 U AMV 
reverse transcriptase (Promega), 8 U RNasin (Promega) and 1 U GoTaq polymerase (Promega). 
First-strand cDNAs were synthesized for 30 min at 42°C and subsequently PCR amplified for 18 
to 26 cycles with each cycle consisting of denaturation at 94°C for 1 min, annealing at 60°C for 1 
min, and extension at 72°C for 1 min, followed by a final extension step of 72°C for 10 min. The 
numbers of PCR cycles used for each transcript (18 for CYP90A1 and UBQ10, 19 for CYP79B3, 
20 for CYP73A5 and CYP84A1, 23 for CYP74A1, 26 for CYP75B1 and CYP98A3) were 
determined to be within the linear PCR amplification range for each transcript. PCR products 
were fractionated on 1.5% agarose gels, transferred to Hybond-N (GE Healthcare Life Sciences) 
and probed with random hexamer 32P-labeled probes corresponding to approximately 150 nt 
derived from the 3’ UTR of each P450 locus or the Arabidopsis UBQ10 cDNA. The gene-
specific primers and common primers used in this analysis were listed in Supplementary Table 
S2-1. Probe sequences for each of the P450s transcripts are as follows: CYP73A5, 51 nt upstream 
to 86 nt downstream from the stop codon of the At2g30490 locus; CYP75B1, 14 nt upstream to 
112 nt downstream from the stop codon of the At5g07990 locus; CYP84A1, 45 nt downstream to 
149 nt downstream from the stop codon of the At4g36220; CYP98A3, 521 nt upstream to 376 nt 
upstream from the stop codon of the At2g40890 locus; CYP74A1, 766 nt upstream to 572 nt 
downstream from the stop codon of the At5g42650 locus; CYP90A1, 103 nt upstream to 147 nt 
downstream from the stop codon of the At5g05690; CYP79B3, 103 nt upstream to 390 nt 
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downstream from the stop codon of the At2g22330 locus; PAP1, 82 nt upstream to 38 nt 
downstream from the stop codon of the At1g56650 locus.   
Autoradiographs of the semi-quantitative RT-PCR gel blots were scanned (Epson 
Perfection 1250) and quantified using ImageJ 1.42 software (http://rsbweb.nih.gov/ij/). Band 
intensity signals for each sample were then background-corrected and normalized against the 
intensity signals for UBQ10 and reported relative to the intensity signal for the first sample in 
each time course.    
Promoter analyses 
Promoter searches for known cis-elements functional in Arabidopsis (annotated in the 
AGRIS sequence motif database http://arabidopsis.med.ohio-state.edu; Davuluri et al., 2003; 
Palaniswamy et al., 2006) have been initiated by evaluating the region 2 kb upstream from each 
gene translation start site using a promoter motif search program (elefinder:  
http://stan.cropsci.uiuc.edu/cgi-bin/elefinder/compare.cgi) for matches to the degenerate sense 
and antisense forms of the motif. Novel elements not present in the AGRIS database were 
identified using the Gibbs sampling alignment algorithm, AlignACE3.0 
(http://atlas.med.harvard.edu/; Hughes et al., 2000) as well as a novel degenerate promoter 
element search tool developed by M.E. Hudson, which is available for use via a web interface at 
http://stan.cropsci.uiuc.edu/cgi-bin/sift/sift.cgi. These searches identified a number of 5-9 nt 
elements listed in Table 2-3 that are significantly over-represented in these different pathways at 
a cutoff of p<10-3; the sequences for elements identified in these searches are outlined in 
Supplementary Table S2-2. 
For determination of over-represented sequences, promoters within particular branched 
pathways listed in Table 2-2 (i.e., lignin and flavonol branches of phenylpropanoid synthesis) 
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were analyzed for the frequency of each degenerate sequence motif compared with the frequency 
of each motif in the promoters of 27,457 genes annotated by the Arabidopsis Genome Initiative 
(ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/). Pattern search methods and 
matching motifs were performed using scripts written in programming language Perl 5.8.0 for 
i386-linux-thread-multi. P-values for the probability of finding motifs in a subset of promoters 
were calculated by hypergeometric distribution, model sampling on a word-by-word basis. The 
significance cut-offs for p-values were corrected for multiple testing according to the step-up 
procedure of Benjamini and Hochberg (1995) using a false discovery rate of 5%. 
Gene network 
            The raw transcriptome datasets used for the analyses of circadian-regulated gene 
correlation were downloaded from Nottingham Arabidopsis Stock Centre (NASC) Arrays 
(Edwards et al., 2006) as a Microsoft Excel format. The genes chosen for network mapping were 
those whose promoters contained G-box elements and are listed in Supplementary Table S2-3. 
Methods for determining network layout and visualization are as described in Ma et al. (2007). 
2.4 Results 
Circadian variations in P450 transcripts  
Given the importance of P450s in many metabolic pathways, it is clear that they can 
serve as global reporters for cellular responses to internal and external cues. To analyze the 
extent to which P450s might be regulated by circadian clock, four previously published circadian 
time courses (Michael et al., 2008) were compared for their patterns in P450 expression. The 
four circadian conditions represent plants grown under different conditions of light and 
temperature (Table 2-1). They were named to reflect how they were sampled: DD_DDHC, 
LL_LLHC, LL_LDHC and LL_LDHH. The abbreviation DD (continuous dark, 22oC) or LL 
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(continuous light, 22oC), before the underscore, represents the continuous circadian condition 
under which the plants were harvested. Abbreviations after the underscore indicate the 
conditions under which plants were grown (entrained) before being placed in circadian 
conditions; these include light/dark cycles (LD), continuous light (LL), continuous dark (DD), 
continuous temperature (HH, 22oC) and/or thermocycles (HC, 22oC/12oC) as detailed in Michael 
et al. (2008). Samples were harvested at 4 hr intervals over a 2-day period and compared on 
Affymetrix ATH1 Genechips. Expression for all genes on the ATH1 Genechips across these 
circadian conditions, as well as other diurnal conditions, can be accessed at 
http://diurnal.cgrb.oregonstate.edu/. Identification of cycling genes, the time of their peak 
expression over the day (phase, in hours from subjective dawn) and statistical analysis of the 
entire dataset have been described in Michael et al. (2008). Briefly, all four time courses were 
GC-RMA normalized together and cycling genes were called using the pattern-matching 
program HAYSTACK (http://haystack.cgrb.oregonstate.edu/) (Michael et al., 2008). Expression 
for all genes on the ATH1 Genechips across these circadian conditions as well as other diurnal 
conditions can be accessed at DIURNAL (http://diurnal.cgrb.oregonstate.edu/). 
Across the four circadian conditions, 233 of the 246 full-length P450 genes and 26 P450 
pseudogenes in Arabidopsis were detected on Affymetrix ATH1 arrays with 11 of these array 
elements representing closely-related P450 genes. Using a 0.8 correlation cutoff for predicting 
cycling transcripts (all four time courses analyzed together, p-value 0.05, FDR 5%; Michael et al., 
2008), 98 P450 genes listed in Table 2-2 showed statistically significant circadian phasing for at 
least one of the four array conditions. Between 4-22% of the 250 P450 transcripts were 
circadian-regulated under any one of the four conditions with 39% of the gene list overlapping 
with one of the other three conditions (Fig. 2-1). Between 33-42% of the genes were specifically 
25 
 
circadian-regulated under only one condition. The greatest numbers of genes showing circadian 
rhythms were detected under LL_LDHH and LL_LDHC conditions rather than LL_LLHC 
condition suggesting that entrainment by light/dark cycles plays a role in P450 expression. The 
fewest genes displaying circadian rhythms were detected under DD_DDHC conditions, 
consistent with the fact that generally fewer genes cycle under this condition (Michael et al., 
2008).  
Circadian regulation of P450s transcripts in different secondary pathways  
With P450s occurring at important nodes in many secondary pathways displaying 
circadian cycling, variations in their activities can impact an array of downstream synthetic and 
catabolic pathways and alter physiological functions over the course of a day. Semi-quantitative 
RT-PCR gel blot analyses of samples from the LL_LLHC and LL_LDHC time courses 
performed with gene-specific primers and probes confirmed the cycling of P450 transcripts 
distributed in many different pathways, including CYP73A5, CYP75B1, CYP98A3, CYP84A1 in 
phenylpropanoid synthesis (#1-4 in Table 2-1; highlighted in red in Fig. 2-2A), CYP97C1 (#7 in 
Table 2-2) in carotenoid synthesis, CYP74A1 (#9 in Table 2-2) in jasmonate synthesis, CYP79B3 
(#15 in Table 2-2) in glucosinolate synthesis and CYP90A1 (#17 in Table 2-2) in brassinosteroid 
synthesis.  
Comparison of the circadian phasing of the four P450 transcripts in the core and various 
branches of the phenylpropanoid pathway (CYP73A5, CYP75B1, CYP98A3, CYP84A1 in Fig. 2-
2) indicated that the LL_LDHH arrays showed similar phasing just before subjective dawn (SD) 
(Zeitgeber time: ZT 20-21) for three of these P450s with the most profound increase for 
CYP75B1 in anthocyanin synthesis and slightly later phasing for CYP84A1 (ZT 1) (Table 2-2). 
Two of these genes also cycled with similar normalized profiles in the LL_LDHC arrays with 
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peaks before SD (Fig. 2-3A). In addition, CYP711A1 (MAX1, #5 in Table 2-2), which was 
reported to be a positive regulator of flavonoid pathway (Lazar and Goodman, 2006) and to act 
downstream of carotenoid-derived hormones (Booker et al., 2005), showed circadian phasing 
(ZT 20-23 in LL_LDHH, LL_LDHC and LL_LLHC arrays) similar to three of the four 
phenylpropanoid P450s.  
 In carotenoid synthesis (Fig. 2-4A), CYP97A3 and CYP97C1 occur in the lutein branch. 
Both of these genes (#6 and #7 in Table 2-2) showed circadian phasing in the LL_LLHC arrays 
(ZT 19-20) and the LL_LDHH arrays (ZT 13-14) (Fig. 2-5A). CYP97B3 (#8 in Table 2-2), 
whose protein shares 45-46% amino acid identity with CYP97A3 and CYP97C1, showed 
circadian phasing at 12 hr in the LL_LDHH arrays (below the cut-off used for Table 2-2) and at 
16 hr in the LL_LDHC arrays, which was similar to the phasing of CYP97A3 and CYP97C1 on 
the arrays. The similarity of this phasing suggested that CYP97B3 may be under the same 
transcriptional regulation as the other CYP97 family genes. CYP711A1, which was previously 
mentioned as acting downstream of carotenoid cleavage dioxygenases (Booker et al., 2005) 
showed circadian phasing at 20-22 hr in three of the time courses (LL_LDHH, LL_LDHC, 
LL_LLHC); this was significantly later than the phasing of the other P450s in this carotenoid 
pathway.  
In oxylipin synthesis (Fig. 2-4B), CYP74A1 in JA synthesis and CYP74B2 in C6-volatile 
production were circadian-regulated with slightly different phasings in the LL_LLHC arrays (ZT 
22 and ZT 17, #9 and #10 in Table 2-2). With many other genes mediating steps in JA synthesis, 
at least one gene at each step in the pathway was circadian-regulated in the LL_LLHC or 
LL_LDHC arrays with phasings between 13-18 hr at times slightly prior to the phasings seen for 
CYP74A1 and CYP74B2. Among multiple genes coding for the same enzyme, those genes that 
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were circadian-regulated are indicated with boxes in Fig. 2-4B. The only genes with noticeably 
different phasing from others in the JA synthetic pathway were one lipoxygenase (LOX1, #59 in 
Table 2-3) mediating the synthesis of 9-hydroperoxides and not the 13-hydroperoxides needed 
for jasmonate production (Royo et al., 1996; Blee, 2002), one undefined 12-oxophytodienoate 
reductase (OPR, #66 in Table 2-3) and S-adenosyl-L-methionine:jasmonic acid carboxyl 
methyltransferase (JMT, #68 in Table 2-3) catalyzing the last step in MeJ synthesis. As both 
LOX and OPR have many isoforms in Arabidopsis, it was likely that the individual members of 
these families were under different modes of transcriptional regulation. In the case of JMT, its 
phasing 2-11 hr later than transcripts for previous steps in this pathway suggests that the 
proportions of JA and MeJ vary throughout these cycling periods. 
In the aliphatic glucosinolate branch (Fig. 2-4C), CYP79F1, CYP79F2 and CYP83A1 
(#11-13 in Table 2-2) were circadian-regulated with similar phasings under LL_LLHC (ZT 21-1) 
as a number of other enzymes in this branched pathway (Fig. 2-5B top). Not surprisingly, 
CYP79B2 and CYP79B3 in the indole glucosinolate branch (#14 and #15 in Table 2-2) were 
circadian-regulated with exactly the same phasings as most other enzymes in its branch (ZT 21-
22, Fig. 2-5B bottom). While below the cut-off used for Table 2-2, CYP83B1 in this branch also 
cycled with this same phasing (Fig. 2-5B bottom). The glucosinolate pathway has not previously 
been reported to have circadian rhythms. 
In brassinolide synthesis (Fig. 2-4D), four of the six synthetic P450s have different 
circadian phasings depending on the array conditions #16-19 in Table 2-2. For example, the 
LL_LDHH arrays showed similar phasing for CYP85A2 and CYP90C1 (ROT3) (ZT1-3) and a 
slightly later phasing for CYP90A1 (CPD) (ZT5) that was considered the initial rate-limiting 
enzyme in this pathway. The LL_LDHC arrays showed significantly earlier phasing for 
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CYP90A1 (ZT8) than for CYP90B1 (DWF4) (ZT12). The LL_LLHC arrays showed slightly 
earlier phasing for CYP90C1 (ZT6) than for CYP90A1 and CYP90B1 (ZT8-9) (Table 2-2).  
            In the inactivation of plant hormones, the catabolism of brassinolide (BL) and other 
brassinosteroids is mediated by CYP734A1 (BAS1) and CYP72C1 (SOB1) (Neff et al., 1999; 
Turk et al., 2003, 2005; Nakamura et al., 2005; Takahashi et al., 2005) and catabolism of abscisic 
acid (ABA) is mediated by four members of the CYP707A subfamily (Kushiro et al., 2004; Saito 
et al., 2004). At the resolution of the 4 hr time points evaluated in these arrays, CYP734A1 (#20 
in Table 2-2) involved in inactivating BL showed the same phasing as CYP90A1 involved in 
synthesizing BL (Table 2-2). Of the ABA 8’-hydroxylases, only CYP707A4 (#21 in Table 2-2) 
displayed any distinct circadian regulation (ZT 7). Of the three P450s in gibberellin synthesis 
(CYP88A3, CYP88A4, CYP701A3), only the second multifunctional CYP701A3 (#22 in Table 2-
2) in this pathway (Helliwell et al., 1998, 1999) was circadian-regulated (ZT 3 in LL_LDHC 
array, ZT 7 in LL_LLHC array).  
Identification of circadian-relevant elements 
To gain perspective on circadian controls over different pathways, circadian-regulated 
promoters in each branch of a pathway and in each overall pathway were searched for elements 
over-represented. 
In promoters of genes for different branches of phenylpropanoid metabolism, many 
circadian-relevant elements were evident. The CCA1 binding site (CBS: AAAAATCT) was 
over-represented in the core pathway and the intermediate flavonoid branch. The morning 
element (ME: AACCAC) was frequent in the lignin and anthocyanin branches. The evening 
element (EE: AAAATATCT) reported as over-represented in the phenylpropanoid pathway 
(Harmer et al., 2000) was present in multiple promoters of the downstream flavonol branch and 
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one promoter in the downstream anthocyanin branch but not in the core pathway, the 
intermediate flavonoid branch or the lignin branch (Table 2-3); the spacings of these EE relative 
to the translation start sites of genes in flavonol synthesis were shown in Fig. 2-6A. The 
SORLIP1 and/or SORLIP2 elements originally identified in phyA-induced (far red light-
regulated) promoters (Hudson and Quail, 2003) were over-represented in the flavonol branch and 
intermediate flavonoid pathways, respectively, but not in the core pathway or either anthocyanin 
branch (pelargonidin and cyanidin). Instead, both of the anthocyanin branches that depend on 
many of the same genes have over-represented SORLREP4 elements identified in phyA-
repressed promoters (Hudson and Quail, 2003). The intermediate pathway and anthocyanin 
branches contained over-represented G-Box elements whose spacings in anthocyanin, flavonol 
and intermediate pathway promoters are shown in Fig. 2-6B.  
Analysis of genes associated with the CHS, TT5, CHI, F3H, TT7, FS, F3OG2, F3OG3 
and DFR genes, whose promoters contain over-represented G-BOX [LRE] motifs, was 
accomplished using a graphical gaussian model to evaluate publicly-available transcript profiling 
data (Ma et al., 2007).  This analysis identified a network containing 97 nodes (genes) connected 
by 194 significant edges (interactions) with the gene pairs pcc>0.9 (pearson correlation 
coefficient) (Fig. 2-7A). MYB and MYB4 elements as well as the recently identified WLE1 
element (Hwang et al., 2008) were also significantly over-represented in the core pathway and 
the lignin branch but not in the flavonol or anthocyanin branches. Among the novel elements 
identified in this pathway were GL-TRP2, GL-TRP5, GL-MET1, GL-MET3 and CAROT-A2 in 
the core pathway, GL-TRP3 and JA2 in the intermediate pathway, GL-MET3 in the lignin 
branch and GL-MET2 in the flavonol branch (Fig. 2-6C). As their names indicate, most of these 
genes were first identified as over-represented in the glucosinolate branched pathways utilizing 
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methionine and tryptophan. The promoter of CYP711A1, which has been reported to be a 
positive regulator of flavonoid pathway (Lazar and Goodman, 2006) and showed the same 
phasing as phenylpropanoid P450s (ZT 20-22 in three of the array conditions), contained seven 
MYB4 and three additional MYB motifs (compared to 77,609 MYB4 and 20,163 MYB motifs in 
the 27,457 annotated Arabidopsis promoters) as well as G-BOX [LRE], GL-MET2, GL-MET3, 
GL-MET4, CAROT-A2 and MOTIF8 elements. MYB4 (At4g38620) that negatively regulates 
this flavonoid pathway (Jin et al., 2000) was circadian-regulated with ZT 21 (LL_LLHC) that is 
the same as the phasing of CYP711A1 that positively regulates this pathway (data not shown). 
In the lutein branch of the carotenoid pathway, DPBF1&2 was the only previously 
described element that appears to be over-represented; in the carotenoid intermediate pathway, 
ABFS and T-BOX elements were over-represented. With few known elements over-represented 
in these carotenoid intermediate and branched pathways, AlignACE algorithms identified an 
number of novel over-represented elements in the promoters of the zeaxanthin/abscisic acid 
branch (designated A), lutein branch (designated B) and core pathway (designated CO). These 
elements were identified with alphabetic and numerical designations and correspond to CAROT-
A1 (AGAGA[AG][AG]), CAROT-A2 (CCAAAN[CA]A), CAROT-A3 (GAGA[AT]GA[AG]), 
CAROT-B1 ([CT]TTG[AG]AAG), CAROT-B2 ([GA][AG]AGAAGCT), CAROT-B3 
(GAAGCT) and CAROT-CO (AGAAGA). Of these, CAROT-CO was over-represented in all 
three parts of this pathway and the others are more specific for promoters in branches of this 
pathway. Spacings of these elements in the CYP97A3 and CYP97C1 promoters were shown in 
Fig. 2-6D. The promoter of CYP97B3, which codes for a P450 closely related to CYP97A3 and 
CYP97C1 in the lutein branch and showed intermediate phasing, contained CAROT-B1, 
CAROT-B2 and CAROT-CO elements as well as GL-MET2, GL-TRP3, CAROT-A3 and T-
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BOX elements. Notably, no EE existed in any of the carotenoid pathway promoters and CBS 
existed in only two promoters.  
In the oxylipin pathway, circadian-regulated promoters in the AOS branch have over-
represented MYB4, MYB, RAV1-A, AG/AP1 BS, ATMYC2 in RD22, GL-TRP1 and MOTIF8 
(ATTCANA) elements and five of these ten promoters in this branch have EE. AlignACE 
analysis of this entire pathway identified three novel over-represented elements: JA1 
(ATGTGAAT), JA2 (AAGAA[GA]ANG) and JA3 (T[TC]GG[AG]CAA) that we had 
previously identified as over-represented in MeJ-inducible promoters. Of these, JA2 was 
represented seven times in the AOC4 promoter with six of these elements being present in a short 
tandem direct repeats indicating that its abundance was not uniform across promoters in the AOS 
branch. The circadian-regulated CYP74B2 promoter contained multiple ME, GATA [LRE], 
DPBF1&2, GL-TRP1, MOTIF8 elements, one each of the G-box, JA3 and CBS elements and no 
EE; none of these, except possibly the ME, can be recorded as over-represented since this is the 
only locus in the HPL branch of oxylipin metabolism. 
In the glucosinolate pathway, circadian-regulated promoters in the aliphatic glucosinolate 
branch contained MYB, MYB4 and I-BOX elements and the novel GL-MET3 (ANACCAAA), 
GL-TRP2 (ANNTTGAAA), GL-TRP4 (GTTGG[AT]G) and GL-TRP5 (ACCA[AG]CNA[AG]) 
elements. Circadian-regulated promoters in the indole glucosinolate branch contained STRE 
(Marchler et al., 1993) and MOTIF3A (TNG[AT]N[AG][AT]GGAA[AG]) elements and the 
novel GL-TRP1 (ACATATT), GL-TRP2 (ANNTTGAAA), GL-TRP4 (GTTGG[AT]G), GL-
TRP5 (ACCA[AG]CNA[AG]) and GL-MET4 elements. Of these, MOTIF3A was previously 
identified as over-represented in Arabidopsis P450 promoters induced by MeJ or SA (salicylic 
acid). CBS existed in five of eight promoters in these branched pathways. 
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            Over-represented elements in the collection of circadian-regulated brassinosteroid 
synthesis genes included the GATA [LRE] ([AT]GATA[GA]), ATMYB2 BS in RD22 
(CTAACCA), MOTIF1 ([CT]GNTGATGTCA), MOTIF8 and the novel BS1 
(AAC[ACGT]CTTT) and BS2 (TATNTTAG) elements. MOTIF1 was originally found to be 
over-represented in the promoter sequences of Arabidopsis P450s induced by MeJ, SA or BION 
and their combinations; MOTIF8 was originally found to be over-represented in promoters of 
root-specific P450s. The only over-represented element in the two circadian-regulated 
brassinosteroid degradation genes was the ATMYB2 BS in RD22 element. EE were present once 
in the DWF1 promoter, twice in the CYP85A2 (BR6ox2) promoter and twice in the CYP734A1 
(BAS1) promoter. CBS were present in the 3-oxo-5α-steroid 4-dehydrogenase, CYP90C1 and 
CYP734A1 promoters. CYP72C1, another P450 involved in brassinosteroid degradation, was not 
circadian-regulated but its promoter contained SORLREP3 and ATMYB2 BS in RD22 elements, 
which were over-represented in the CYP734A1 and UGT73C5 genes involved in brassinosteroid 
degradation, and one CBS. 
Analysis of a hypothetical node controlling circadian cycling 
           To better understand the relationships between these pathways and some of their predicted 
transcriptional regulators, I analyzed the expression patterns of PAP1, one MYB transcription 
factor that had been proposed to control the circadian regulation of the anthocyanin and lignin 
branches (Harmer et al., 2000), and examined the downstream effects of perturbing its 
expression. Analysis of PAP1 transcript abundance throughout these circadian cycles indicated 
that, consistent with previous hypotheses, the PAP1 locus is under circadian regulation (Fig. 2-
8B). Its phasings on both LL_LDHH and LL_LDHC arrays (ZT 19) were very similar to the four 
circadian-regulated P450s in the phenylpropanoid pathway (Fig. 2-8C-E) and other associated 
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circadian-regulated transcripts (Table 2-3). To directly determine whether PAP1 has a role in 
circadian regulation of these branched pathways, the circadian regulation patterns of several 
phenylpropanoid transcripts were compared in wild-type and PAP1-overexpressing (pap1-D) 
seedlings over a 48 hr period starting at 7 days of growth under LL_LDHH condition (top vs. 
bottom panels of each blot in Fig. 2-8). Of the four P450 genes in the phenylpropanoid pathway, 
only CYP75B1 transcripts appeared to accumulate at any higher level in pap1-D seedlings 
compared to wild-type seedlings. However, most importantly, CYP75B1 and other three P450 
transcripts in this pathway maintained their normal circadian cycling despite the constant 
overexpression of the PAP1 transcript (Fig. 2-8B). 
2.5 Discussion 
Comparison of the UBQ10-normalized RNA levels in the left panels, with ATH1 array 
data in the right panels (Fig. 2-3) indicated strong correlations for most of the transcripts 
analyzed. Analysis using HAYSTACK (Fig. 2-3K) indicated that the four P450s in the 
phenylpropanoid pathway were phased with a maximum at 22 hr under the LL_LLHC condition. 
Complementary analysis using semi-quantitative RT-PCR gel blots on these same RNA samples 
(Figs. 2-3A and F) indicated that these four P450s were phased at around 24 hr. Comparisons 
between these two analytic methods indicated that, in some instances, the RT-PCR gel blots 
showed obvious cycling variations where the ATH1 array data show much lower levels of 
variation. This was the case for CYP75B1 and CYP84A1 in the LL_LLHC time course (Figs. 2-
3F and K) as well as for CYP98A3 in the LL_LLHC time course where RT-PCR gel blot signals 
showed as much as 10-fold difference between the initial time point and each day’s minimum 
and microarray data showed only a 2.5-fold difference. This was also the case for CYP90A1 in 
the LL_LDHC time course where RT-PCR gel blot signals decrease more dramatically than the 
34 
 
microarray data to an extreme minimum at 16-20 hrs. Differences in the magnitude of these 
variations likely arise from the greater sensitivity of the RT-PCR gel blots. It is well known that 
microarray data, especially oligonucleotide microarray data, suffer from poor dynamic range. 
Although the results from these two methods differ in magnitude, both demonstrate circadian 
regulation of the P450s analyzed, and, within each method, the circadian expression pattern of 
each gene appeared to be highly reproducible. 
Our profilings of the four P450 transcripts responsible for rate-limiting steps in 
phenylpropanoid metabolism emphasized the similar circadian phasing of all transcripts in this 
pathway, even those in diverse branches (intermediate flavonoid branch, lignin branch, flavonol 
branch, anthocyanin branches). Nearly all, including those needed in flavonoid and anthocyanin 
production, were expressed at their maximal levels just before subjective dawn at a time when 
there is little light. Under some of these circadian regimes (LL_LDHC), the cycling of the 
CYP75B1 transcript was especially prominent suggesting that its normal circadian cycling 
pattern was enhanced by exposure to light at subjective dawn. In Arabidopsis, regulation of the 
flavonoid and anthocyanin pathway transcripts such as CYP75B1 was controlled by a MYB and 
TTG1 complex with bHLH proteins (Dubos et al., 2008; Gonzalez et al., 2008). The light-
dependent regulation of these genes by complex sets of regulators as well as circadian cycles 
highlighted the complex regulatory mechanisms modulating each of the individual branches in 
this pathway.  
One element likely to be involved in light-induction of this promoter and others in the 
flavonoid/anthocyanin branch is the G-box element. This has previously been identified as a 
light-responsive element (Menkens and Cashmore, 1994; Chattopadhyay et al., 1998; Michael et 
al., 2008), and in this presented study, it has been seen as over-represented throughout the entire 
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downstream flavonoid pathway including the intermediate flavonoid, flavonol and anthocyanin 
branches (Fig. 2-6B). In a scale-free network of genes coexpressed with the flavonoid pathway 
(Fig. 2-7A), eight out of the nine promoters in the intermediate flavonoid pathway, flavonol and 
anthocyanin branches that contain G-box (circled in red) occurred at significant nodes. The 
expression patterns of seven of these genes were highly connected with only the FS gene not 
connected to any of the other nodal genes and the F3OG2 gene isolated in a sub-network. 
Analysis of the phasings of these last two genes indicates that F3OG2 was phased up to 4 hr 
earlier than the other seven genes and FS was phased 8-12 hr earlier. Expression of the F3OG2 
transcript was correlated only with that of CHI in the nine genes. The coincidence of phasings 
for these other seven genes was very significant (Fig. 2-7B) making it likely that the multiple G-
box motifs played a controlling role in the regulation of these promoters. Further comparisons 
between these simple G-box motifs have indicated that a longer G-BOX EXTENDED element 
(CACGTG(G/T)(A/C)) existed within 900 bp of each of these seven similarly phased promoters. 
These seven promoters also all contained a minimum of one ABRE-like, two DPBF1&2 and two 
MYB4 elements suggesting that additional over-represented elements were also important for 
coordinate regulation of these promoters. In contrast, the differently phased FS promoter 
contained only one G-BOX EXTENDED element relatively far from its translation start site      
(-1583 bp) and no additional simple G-box elements making it likely that FS expression was 
under the control of another transcription factor. The very apparent shift in the phasing of the FS 
transcripts indicated the flavonol branched pathway feeding off from the rest of the 
phenylpropanoid pathway is differentially regulated from the core, lignin and flavonoid branches.  
Our promoter analyses have also indicated that MYB and MYB4 elements were 
significantly over-represented in the core and lignin branch of this phenylpropanoid pathway. 
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One potential MYB transcription factor PAP1 that was proposed to control circadian regulation 
of the anthocyanin and lignin branches was indeed circadian-regulated with the same phasing as 
these branched pathways. However, direct analyses of phenylpropanoid pathway genes 
potentially targeted by this transcription factor in overexpressing pap-1D seedlings have 
indicated that the circadian-regulated FAH1 (CYP84A1) and REF8 (CYP98A3) genes in lignin 
synthesis and C4H (CYP73A5) in the core pathway are not modulated by PAP1 (Fig. 2-8C, E, F). 
In contrast, the TT7 (CYP75B1) locus, which is directly involved in flavonoid and anthocyanin 
syntheses, showed some degree of overall enhanced accumulation in pap1-D seedlings (Fig. 2-
8D), suggesting that PAP1 can modestly enhance expression of the flavonoid branch of this 
pathway. And, contrary to the suggestion that PAP1 regulates circadian phasing of 
phenylpropanoid transcripts (Fig. 2-8B), the increases in CYP75B1 transcripts fluctuate with a 
circadian rhythm that is unaffected by the high PAP1 levels in this mutant, providing further 
evidence that PAP1 does not control circadian fluctuations of these genes and indicating that 
other transcription factors modulate circadian cycles in this pathway (Fig. 2-8D). How PAP1 
expression and these branched pathways are controlled still require further investigation. These 
results also dramatically demonstrate that the relationships between cycling genes and the 
cycling network cannot be inferred from time-of-day information and that additional experiments 
are required to dissect cascades of regulation.  
Since it has been demonstrated that the coordination of daily activities confers fitness for 
specific environments (Michael et al., 2003; Dodd et al., 2005), understanding how these 
branched pathways are coordinately as well as separately controlled can provide important 
information for optimizing plant growth and health. Interestingly, all the genes involved in 
carotenoid synthesis exhibit circadian regulation but with shifted phasings in the different 
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branches of this pathway (#47-58 in Table 2-3, Fig. 2-5A). The phasings of the carotenoid 
intermediate pathway is ZT 19 on average and that of the zeaxanthin branch is at approximately  
ZT 20 relative to subjective dawn, except for NPQ1 (the violaxanthin de-epoxidase precursor on 
the feedback loop) whose circadian phasing is opposite all other genes analyzed in carotenoid 
synthesis. The lutein branch shows phasing at ZT 14 prior to subjective dawn except for LYC, the 
last common component shared between the lutein and zeaxanthin branches. This phasing of the 
lutein branch is 5-6 hr earlier (or 18-19 hr later) than that of the zeaxanthin branch potentially 
producing maximum expression of lutein derivatives such as α-carotene at the beginning of dark 
and maximum expression of zeaxanthin derivatives such as β-carotene in the middle night. With 
it known that light-harvesting complex-II (Kim and DellaPenna, 2006) and β-carotene-
containing photosystems produced almost exclusively under high light conditions and α-
carotene-containing photosystems produced primarily in shade-grown leaves (Thayer and 
Bjorkman, 1990; Demmig-Adams and Adams, 1992; Dall’Osto et al., 2007), these results 
indicate that the circadian-regulated accumulation of transcripts for these branched pathways 
precede accumulation of these carotene components by as much as 12 hr. 
Interestingly, only some genes in the phenylpropanoid pathway and in the carotenoid 
synthesis maintained their circadian rhythms under the DD_DDHC condition. All the genes in 
oxylipin, glucosinolate and brassinosteroid pathways have lost the expression rhythms under 
dark, suggesting the circadian regulation in them are light dependent (Table 2-3).  
Recent research has indicated that multiple hormone responses are intertwined with 
circadian cycling, including abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC), 
brassinolide (BL), cytokinin (CK), indole-3-acetic acid (IAA), methyl jasmonate (MeJ) and 
salicylic acid (SA) (S.L. Harmer, unpublished). Auxin synthesis has been reported to be gated by 
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the circadian clock allowing a plant to respond to auxin at restricted times of day (Covington and 
Harmer, 2007). The key regulatory nodes, transcription factor/binding site relationships and how 
time of day activities is maintained accurately in complex biochemical pathways remain to be 
established. Due to their wide distribution in an array of synthetic and catabolic pathways, P450s 
can provide important information for understanding the plant circadian regulation. 
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Figure 2-1. P450 genes showed circadian phasing for at least one of the four array condition.  
The Venn diagram shows the numbers of genes overlapping among the four circadian conditions 
LL_LDHH, LL_LDHC, LL_LLHC and DD_DDHC. 
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Figure 2-2. Phenylpropanoid pathway. 
This map adapted from the AraCyc Pathway shows the genes responsible for steps in the phenylpropanoid pathway with black boxes indicating 
genes that are circadian-regulated and red fonts indicating P450 genes.
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Figure 2-3. Circadian-regulated transcripts in known pathways.  
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Figure 2-3 (cont.)  
(A-E) RNAs from the LL_LLHC and LL_LDHC conditions were analyzed on semi-quantitative RT-PCR 
gel blots for the transcripts listed above each panel or set of panels. The RT-PCR products for P450s in 
each sample were background-corrected, normalized against RT-PCR products for constitutive UBQ10 in 
each sample and recorded relative to the 0 hr signal in each time course. The UBQ10 normalizations for 
panels B-E are shown in panel A. (F-J) These P450 transcripts levels were quantified and plotted relative 
to the 0 hr signal for each time course. (K-O) RNAs from the LL_LLHC and LL_LDHC conditions were 
analyzed on microarrays, normalized using gcRMA and plotted relative to the 0 hr signals. Values on the 
x-axis indicate hours after each time course sampling was initiated. White and gray bars on the x-axis 
indicate subjective day and subjective night during the time course; blank and grid bars indicate high 
(22oC) and low (12oC) temperatures maintained during the time course.  
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Figure 2-4. Four circadian-regulated pathways map.  
These maps adapted from AraCyc Pathway correspond to the (A) carotenoid, (B) oxylipin, (C) glucosinolate and (D) brassinosteroid pathways. 
Black boxes indicate genes that are circadian-regulated and underlines indicate P450 genes. 
D 
A B 
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Figure 2-5. Phasing in the carotenoid and glucosinolate pathways. 
(A) Normalized microarray circadian gene expression data of LL_LDHH for genes in the carotenoid 
pathway include PSY (phytoene synthase, At5g17230), PDS (phytoene dehydrogenase, At4g14210), ZDS 
(zeta-carotene desaturase, At3g04870), LYC (lycopene cyclase, At3g10230), B2 (beta-carotene 
hydroxylases, At5g52570), B1 (At4g25700), ABA1 (zeaxanthin epoxidase, At5g67030), NPQ1  
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Figure 2-5 (cont.) 
 (violaxanthin de-epoxidase precursor, At1g08550), LUT2 (lutein-deficient 2, At5g57030), LUT5 (β-ring 
hydroxylase on carotenes, CYP97A3, At1g31800), and LUT1 (ε-ring hydroxylase on carotenes, CYP97C1, 
At3g53130). The carotenoid intermediate pathway is shown in blue, the zeaxanthin branch is shown in 
black and the lutein branch is shown in red. (B) Normalized microarray time course data plotted every 
four hours with light and temperature conditions indicated above the data are shown for genes in the 
aliphatic branch of glucosinolate synthesis and include three P450s: CYP79F1 (At1g16400), CYP79F2 
(At1g16410), CYP83A1 (At4g13770), SUR1 (alkylthiohydroximate C-S lyase, At2g20610), UGT (UDP-
glycosyltransferase, At1g24100), ST1 (sulfotransferases, At1g18590), ST2 (At1g74090), AOP2 (2-
oxoglutarate-dependent dioxygenases, At4g03060), and AOP3 (At4g03050). Circadian data are also 
shown for genes in the indole branch of glucosinolate synthesis and include three P450s: CYP79B2 
(At4g39950), CYP79B3 (At2g22330), CYP83B1 (At4g31500), and SUR1, UGT, DST 
(desulfoglucosinolate sulfotransferase, At1g74100). Values on the x-axis indicate hours after each time 
course sampling was initiated. White and gray bars on the x-axis indicate subjective day and subjective 
night during the time course; blank and grid bars indicate high (22oC) and low (12oC) temperature 
maintained during the time course. 
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Figure 2-6. The positions of elements in the 2 kb promoter sequences of genes.  
(A) Positions of over-represented EVENING ELEMENT in the promoters of genes in the flavonol branch. (B) Positions of over-represented G-
BOX [LRE] in the promoters of genes in the intermediate flavonoid pathway and the downstream flavonol and anthocyanin branches. (C) 
Positions of over-represented GL-MET2 in the promoters of genes in the flavonol branch. (D) Positions of over-represented JA1 in the promoters 
of genes in the oxylipin pathway. (E) Spacing of elements over-represented in the CYP97A3 and CYP97C1 promoters in the lutein branch of the 
carotenoid pathway. The numbers of each element found in these promoters are shown in parentheses behind each motif name. 
E. CYP97A3 
D. JA1 in jasmonate branch 
 
F. CYP97C1 
A. EE in flavonol synthesis 
     
C. GL-MET2 in flavonol synthesis 
B. G-BOX in intermediate 
flavonoid flavonol and 
anthocyanin branches  
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Figure 2-7. Phenylpropanoid sub-network.  
Genes networked in their expression profiles are shown with nodes corresponding to CHS (chalcone 
synthase, At5g13930), TT5 (chalcone isomerase, At3g55120), CHI (chalcone isomerase, At5g05270), 
F3H (naringenin 3-dioxygenase, At3g51240), TT7 (flavonoid 3'-monooxygenase, CYP75B1, At5g07990), 
F3OG2 (flavonol 3-O-glucosyltransferases, At4g01070) and F3OG3 (At5g54060) and DFR 
(dihydroflavonol 4-reductase, At5g42800). FS (flavonol synthase, At3g50210) is not connected to these. 
(A) Genes at nodes in this network that contain G-box have thick red circles; associated genes that also 
contain G-box have thin red circles. (B) Phasing of genes at nodes in this network. Values on the x-axis 
indicate hours after each time course sampling was initiated. White and gray bars on the x-axis indicate 
subjective day and subjective night during the time course; blank and grid bars indicate high (22oC) and 
low (12oC) temperature maintained during the time course.  
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Figure 2-8. Circadian-regulation of P450s in the phenylpropanoid pathway in wild-type and pap1-D 
mutant seedlings.  
Semi-quantative RT-PCR gel blots for constitutive (A) UBQ10, (B) PAP1, (C) CYP73A5, (D) CYP75B1, 
(E) CYP98A3 and (F) CYP84A1 were compared in wild-type and PAP1-overexpressing (pap1-D) 
seedlings over a 48 hr period starting at 7 d of growth under LL_LDHH conditions (collected and 
analyzed in the Schuler laboratory). UBQ10 expression levels (A) under LL_LDHH were used for 
normalization and each normalized transcript level is shown above each lane. The gcRMA-normalized 
microarray data for PAP1 and these four phenylpropanoid P450s on the LL_LDHH arrays performed with 
wild-type seedling RNAs (collected and analyzed by the Millar laboratory) are shown in (G). Values on 
the x-axis indicate hours after each time course sampling was initiated. White and gray bars on the x-axis 
indicate subjective day and subjective night during the time course; blank and grid bars indicate high 
(22oC) and low (12oC) temperature maintained during the time course. 
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Table 2-1. Plant growth and harvest conditions. 
 
Name Entrainment conditions Harvest conditions 
Researcher/ 
Laboratory 
DD_DDHC DD (continuous dark)  HC (thermocycles of 22°C/12°C) 
DD (continuous 
dark, 22°C) Hazen, Kay  
LL_LLHC LL (continuous light)  HC (thermocycles of 22°C/12°C) 
LL (continuous 
light, 22°C) Michael, Chory 
LL_LDHC LD (12 hr light/12 hr dark cycles)  HC (thermocycles of 22°C/12°C) 
LL (continuous 
light, 22°C) Michael, Chory  
LL_LDHH LD (12 hr light/12 hr dark cycles)  HH (continuous temperature of 22°C) 
LL (continuous 
light, 22°C) 
Edwards, Millar; 
Pan, Schuler 
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Table 2-2. P450s showing circadian regulation.  
The 98 P450 genes shown to have statistically significant circadian phasing for at least one of the 
four array conditions (DD_DDHC, LL_LDHH, LL_LDHC, LL_LLHC) are listed with the 
numbers in columns 5-8 indicating the phasing time relative to subjective dawn. The first 34 
P450s that have designated functions are sorted by biochemical pathway; the remaining 64 
P450s below the green bar currently have no defined function. 
# AGI P450 DD_DDHC LL_LDHH LL_LDHC LL_LLHC involved pathway 
1 At2g30490 CYP73A5 1 20 22  phenylpropanoid initial 2 At5g07990 CYP75B1  20   phenylpropanoid/flavonol 3 At4g36220 CYP84A1  1   phenylpropanoid/lignin 4 At2g40890 CYP98A3  21 23 22 phenylpropanoid/lignin 5 At2g26170 CYP711A1  20 23 22 flavonoid 6 At1g31800 CYP97A3  14  19 carotenoid 7 At3g53130 CYP97C1  13  20 carotenoid 8 At4g15110 CYP97B3   16  carotenoid 9 At5g42650 CYP74A1  19  22 oxylipin 10 At4g15440 CYP74B2  15  17 oxylipin 11 At1g16410 CYP79F1    1 aliphatic glucosinolate 12 At1g16400 CYP79F2    1 aliphatic glucosinolate 13 At4g13770 CYP83A1    22 aliphatic glucosinolate 14 At4g39950 CYP79B2   23  indole glucosinolate 15 At2g22330 CYP79B3  0 23  indole glucosinolate 16 At4g37400 CYP81F3  0   glucosinolate 17 At3g30180 CYP85A2  1   brassinolide 18 At5g05690 CYP90A1  5 8 9 brassinolide 19 At3g50660 CYP90B1   12 8 brassinolide 20 At4g36380 CYP90C1  3  6 brassinolide 21 At2g26710 CYP734A1  5  6 degradation of brassinosteroids 22 At3g19270 CYP707A4  7   degradation of abscisic acid 23 At5g25900 CYP701A3  3  7 gibberellin 24 At5g04660 CYP77A4    0 fatty acid 25 At3g10570 CYP77A6  19   fatty acid 26 At1g63710 CYP86A7    3 fatty acid 27 At5g23190 CYP86B1   4  fatty acid 28 At3g01900 CYP94B2 1    fatty acid 29 At5g52320 CYP96A4  16 17 21 fatty acid 30 At1g11680 CYP51G1  1 1  sterols/steroids 31 At2g17330 CYP51G2  5 5  sterols/steroids 32 At2g34490 CYP710A2  20 19 23 sterols 33 At2g30770 CYP71A13   2  camalexin 34 At4g31940 CYP82C4   4  8-methoxypsoralen 
         35 At4g13290 CYP71A19   3   36 At4g13310 CYP71A20   3   37 At1g13080 CYP71B2  22 0 3  38 At3g26280 CYP71B4  4 7 7  39 At1g13110 CYP71B7  8    40 At5g25120 CYP71B11  19    41 At5g25140 CYP71B13    4  42 At3g26200 CYP71B22   3   43 At3g26210 CYP71B23    13  44 At3g26230 CYP71B24  21 4   45 At3g26290 CYP71B26  5 7 9  46 At3g53300 CYP71B31    23  47 At3g26300 CYP71B34  1    48 At3g26310 CYP71B35    7  
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Table 2-2 (cont.) 
49 At3g44250 CYP71B38 2  1   50 At3g14620 CYP72A8  15 17 20  51 At3g14640 CYP72A10   6   52 At2g45560 CYP76C1 14 6 9 14  53 At2g45570 CYP76C2   8   54 At2g45580 CYP76C3 15     55 At5g04630 CYP77A9  19    56 At1g11600 CYP77B1  13    57 At2g46660 CYP78A6    1  58 At5g09970 CYP78A7   4   59 At5g35920 CYP79A4P   7   60 At5g36220 CYP81D1   22 1  61 At4g37330 CYP81D4  20  21  62 At4g37320 CYP81D5  17 17 20  63 At1g66540 CYP81D10  18    64 At3g28740 CYP81D11  3    65 At4g37310 CYP81H1   22 22  66 At4g31950 CYP82C3 14     67 At5g08250 CYP86B2 0  5 0  68 At1g24540 CYP86C1  4    69 At1g64900 CYP89A2  0 5   70 At5g61320 CYP89A3   0   71 At1g64950 CYP89A5    20  72 At1g64940 CYP89A6    4  73 At5g06900 CYP93D1   23   74 At2g21910 CYP96A5  4    75 At1g47620 CYP96A8  2    76 At4g39480 CYP96A9  23  0  77 At4g39510 CYP96A12  23 0 0  78 At4g15330 CYP705A1   4   79 At5g47990 CYP705A5   16   80 At2g27010 CYP705A9 11     81 At2g14100 CYP705A13 12   12  82 At3g20120 CYP705A21    12  83 At1g28430 CYP705A24  4    84 At3g20940 CYP705A30   1   85 At3g20950 CYP705A32   0   86 At3g20960 CYP705A33  5    87 At4g22690 CYP706A1  6    88 At4g22710 CYP706A2  6    89 At4g12320 CYP706A6 18 12 15 17  90 At4g12310 CYP706A7 18 12 15 17  91 At5g48000 CYP708A2  17 17   92 At3g44970 CYP708A4  20 23   93 At4g27710 CYP709B3  1 6 7  94 At2g42250 CYP712A1   3   95 At5g24910 CYP714A1   5   96 At5g36110 CYP716A1    5  97 At1g73340 CYP720A1  23    98 At1g19630 CYP722A1  17    
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Table 2-3. Elements over-represented in 2 kb promoters of genes in different branches of biosynthetic pathways.  
The numbers in the columns of circadian conditions (DD_DDHC, LL_LDHH, LL_LDHC, LL_LLHC) are the phasing of corresponding genes. EE, 
CBS and ME elements are highlighted in the list, with the number after that meaning the position where it presents in the promoter of each gene. 
The e-value and ratio of over-represented element frequency showed in the branch and in the promoters of the Arabidopsis genome are also given.  
Phenylpropanoid Pathway Name AGI P450 DD_DDHC 
LL_L
DHH 
LL_L
DHC 
LL_L
LHC EE/CBS/ME (bp) 
e-value and over-represented 
ratio in element 
Core pathway         
MYB4:2.44e-12(54/77609) 
MYB:1.84e-11(25/20163)  
GL-TRP5:4.26e-05(11/8446) 
WLE1:1.10e-04(53/110661)  
GL-MET3:6.16e-04(19/33391) 
DPBF1&2:1.03e-03(29/60493) 
CAROT-A2:1.39e-03(26/49795) 
GL-MET4:1.64e-03(22/37935) 
GL-TRP2:9.71e-03(18/35624) 
1 phenylalanine ammonia-lyase PAL1 At2g37040   20 23  CBS:363 
2 phenylalanine ammonia-lyase PAL2 At3g53260   21 0 0  
3 phenylalanine ammonia-lyase PAL3 At5g04230   4    
4 cinnamic acid 4-hydroxylase C4H At2g30490 CYP73A5 1 20 22   
5 4-coumarate-CoA ligase 4CL1 At1g51680   19  22 CBS:1444 
6 4-coumarate-CoA ligase 4CL2 At3g21240    22 22  
7 4-coumarate-CoA ligase 4CL3 At1g65060  20 18 20  CBS:557 
8 4-coumarate-CoA ligase 4CL4 At3g21230   0    
9 4-coumarate-CoA ligase  At5g63380  0 1 2 3 CBS:1497 
10 4-coumarate-CoA ligase  At1g20490   21 20  CBS:356 
Intermediate flavonoid branch         
SORLIP2:7.85e-04(12/22714) 
Box II:1.30e-03(15/30853) 
MOTIF8:2.86e-03(26/76487) 
ABRE-like:3.80e-03(8/121225) 
G-box[LRE]:4.91e-03(6/8723) 
JA2:6.37e-03(13/32554)                               
PBX:7.66e-03(5/6251) 
GL-TRP3:8.50e-03(17/44906) 
11 naringenin-chalcone synthase CHS At5g13930  21 20 22   
12 chalcone isomerase TT5 At3g55120  21 20 22  CBS:1619 
13 chalcone isomerase CHI At5g05270   20 23   
14 naringenin 3-dioxygenase F3H At3g51240  23 20 22  CBS:544 
15 flavanone 3-hydroxylase  At5g24530   1 3  CBS:601 
16 flavanone 3-hydroxylase F3H' At3g19000    19  CBS:815 
17 flavanone 3-hydroxylase  At4g16330   7 12   
Flavonol branch         
EE:6.15e-04(6/3608) 
GL-MET2:8.25e-04(17/26923) 
SORLIP1:9.63e-04(24/42489) 
18 flavonoid 3'-monooxygenase TT7 At5g07990 CYP75B1  20    
19 flavonol synthase FS At3g50210   9 13 10 EE:1037 
20 flavonol synthase  At3g19010    9  EE:692 
21 flavonol synthase  At5g63590    20   
22 flavonol synthase FLS At5g08640  21 19 21  EE:270 
23 flavonol 3-O-glucosyltransferase  At1g01390   15   EE:934,34 
24 flavonol 3-O-glucosyltransferase F3OG1 At1g01420   23    
25 flavonol 3-O-glucosyltransferase  At2g18560   22   EE:881 
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Table 2-3 (cont.) 
26 flavonol 3-O-glucosyltransferase F3OG2 At4g01070   17 18 21  
 
27 flavonol 3-O-glucosyltransferase F3OG3 At5g54060  22 21    
Anthocyanin branch         
G-box[LRE]:5.00e-06(8/8723)                             
G-BOX EXTENDED:2.44e-04(5/4921) 
ABRE-LIKE:1.97e-03(6/12125) 
SORLREP4:2.99e-03(2/627) 
BS2:9.98e-03(6/16468) 
28 flavonoid 3'-monooxygenase TT7 At5g07990 CYP75B1  20   CBS:1847 
29 dihydroflavonol 4-reductase DFR At5g42800  21 21   ME:1090,868,4 
30 leucoanthocyanidin dioxygenase  At4g22870  20 21   ME:1701   EE:1069 
31 leucoanthocyanidin dioxygenase ANS At4g22880  20 21   ME:1447,876,326,101 
Lignin branch         
MYB:1.14e-10(28/20163) 
MYB4:2.95e-07(63/77609)  
WLE1:2.78e-04(75/110661)  
GL-MET3:5.23e-03(25/33391) 
32 hydroxycinnamoyl-CoA:shikimate/ quinate hydroxycinnamoyltransferase CST/CQT At5g48930   20  23 ME:1225,364 
33 coumarate-3-hydroxylase REF8 At2g40890 CYP98A3  21 23 22 ME:1331,221 
34 caffeoyl CoA o-methyltrnasferase  At4g34050   18 21  CBS:1912   ME:234 
35 caffeoyl CoA o-methyltrnasferase  At1g24735  0 0 4  ME:903,452,61 
36 UDP-glucose 4-epimerase  At5g58490   14 18 18 CBS:592 
37 UDP-glucose 4-epimerase  At2g33590   20 2  ME:1528 
38 UDP-glucose 4-epimerase  At2g02400   2   ME:1727,1434,772,294 
39 cinnamoyl-CoA reductase  At5g14700   19   CBS:1226 
40 cinnamoyl-CoA reductase  At4g30470   20 21 0  
41 cinnamoyl-CoA reductase  At2g23910  19 16  18 ME:1757 
42 cinnamoyl-CoA reductase CCR1 At1g15950   22 1 1 CBS:1541   ME:647 
43 cinnamyl-alcohol dehydrogenase CAD4 At3g19450   19 22 23 CBS:1628 
44 cinnamyl-alcohol dehydrogenase CAD5 At4g34230     1 CBS:1058   ME:1540,407 
45 ferulate 5-hydroxylase FAH1 At4g36220 CYP84A1  1   CBS:1111,521,204 
46 flavonol 3’-O-methyltransferase OMT1 At5g54160   0  0  
           
Carotenoid biosynthesis Name AGI P450 DD_DDHC 
LL_L
DHH 
LL_L
DHC 
LL_L
LHC EE/CBS/ME 
e-value and over-represented 
ratio in element 
Co-pathway         CAROT-CO:7.50e-05(21/106974) 
JA2:1.71e-04(10/32554) 
GL-TRP3:3.01e-03(10/44906) 
T-BOX:3.98e-03(10/46396) 
CAROT-A2:7.24e-03(10/49795) 
ABFS:8.36e-03(2/1490) 
47 phytoene synthase PSY At5g17230  20 18 22 2  
48 phytoene dehydrogenase PDS At4g14210     23  
49 ζ-carotene desaturase ZDS At3g04870   16 19   
Zeaxanthin branch         CAROT-A1:1.13e-08(35/96444)                           
CAROT-A3:1.42e-08(17/26316) 
CAROT-A2:3.72e-05(18/49795) 
CAROT-CO:1.51e-03(27/106974)      
GL-MET1:5.93e-03(12/37568) 
GL-MET2:8.34e-03(9/26923) 
50 lycopene cyclase LYC At3g10230   20 0 1 CBS:401 
51 β -carotene hydroxylase B2 At5g52570  5 21 1 2  
52 β -carotene hydroxylase B1 At4g25700   17 22 21 CBS:692,348 
53 zeaxanthin epoxidase ABA1 At5g67030   23 4 3  
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Table 2-3 (cont.) 
Feedback of zeaxanthin branch         
 
54 violaxanthin de-epoxidase precursor NPQ1 At1g08550  19 10 12 14  
Lutein branch         CAROT-B1:8.51e-08(12/15943) 
DPBF1&2:2.33e-05(18/60493) 
CAROT-B3:7.54e-05(13/35602) 
CAROT-CO:4.09e-04(23/106974) 
CAROT-B2:8.28e-04(5/6397) 
GL-TRP3:4.85e-03(12/44906) 
CAROT-A1:7.26e-03(19/96444) 
55 lutein-deficient 2 LUT2 At5g57030   14 22 22  
56 lycopene cyclase LYC At3g10230   20 0 1 CBS:401 
57 β-ring hydroxylase on carotenes LUT5 At1g31800 CYP97A3  14  19  
58 ε-ring hydroxylase on carotenes LUT1 At3g53130 CYP97C1  13  20  
           
Jasmonic acid biosynthesis Name AGI P450 DD_DDHC 
LL_L
DHH 
LL_L
DHC 
LL_L
LHC EE/CBS/ME 
e-value and over-represented 
ratio in element 
Jasmonate branch         
JA3:1.64e-07(11/5533) 
JA1:4.06e-06(8/4520) 
GL-TRP 1:3.33e-04(14/19861) 
MYB4:5.94e-04(36/77609) 
JA2:1.01e-03(17/32554) 
MOTIF8:1.30e-03(33/76487) 
RAV1-A:1.35e-03(66/171358) 
EE:2.81e-03(5/3608) 
AG/AP1 BS IN SUP:4.08e-03(2/304) 
MYB:7.16e-03(12/20163) 
ATMYC2 BS IN RD22:8.52e-03(14/26615) 
59 lipoxygenase LOX1 At1g55020   22    
60 lipoxygenase LOX2 At3g45140     18  
61 lipoxygenase LOX3 At1g17420    16  EE:263 
62 allene oxide synthase AOS At5g42650 CYP74A1  19  22 EE:904 
63 allene oxide cyclase 1 AOC1 At3g25760    13   
64 allene oxide cyclase 2 AOC2 At3g25770    13  EE:1573 
65 allene oxide cyclase 4 AOC4 At1g13280   7 13   
66 12-oxophytodienoate reductase OPR At1g18020   2 6 6  
67 12-oxophytodienoate reductase OPR3 At2g06050   13 15 17 EE:993 
68 S-adenosyl-L-methionine:jasmonic acid carboxyl methyltransferase JMT At1g19640   20  0 EE:1383 
Hexenal branch         
JA3:2.79e-08(11/5533) 
JA1:2.19e-05(7/4520) 
JA2:1.43e-03(17/32554) 
MOTIF8:3.85e-03(29/76487) 
MYB4:5.30e-03(29/77609) 
GL-TRP1:6.41e-03(11/19861) 
69 lipoxygenase LOX1 At1g55020   22    
70 lipoxygenase LOX2 At3g45140     18  
71 lipoxygenase LOX3 At1g17420    16  EE:263 
76 hydroperoxide lyase HPL1 At4g15440 CYP74B2  15  17 ME:1391,1348,1197,390,376   CBS:1573 
           
Glucosinolate biosynthesis Name AGI P450 DD_DDHC 
LL_L
DHH 
LL_L
DHC 
LL_L
LHC EE/CBS/ME 
e-value and over-represented 
ratio in element 
Aliphatic glucosinolate branch         GL-MET3:2.88e-05(16/33391) GL-TRP2:7.38e-05(16/35624) 
GL-TRP5:7.95e-05(8/8446)                            
GL-TRP4:5.99e-04(9/14468) 
MYB:1.18e-03(10/20163)                    
MYB4:1.42e-03(25/77609) 
GL-MET2:2.57e-03(12/26923) 
GL-MET4:5.00e-03(14/37935) 
77 monooxygenase  At1g16400 CYP79F1    1 CBS:445 
78 monooxygenase  At1g16410 CYP79F2    1 CBS:1331 
79 monooxygenase  At4g13770 CYP83A1    22  
80 alkylthiohydroximate C-S lyase SUR1 At2g20610   19  22  
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Table 2-3 (cont.) 
81 UDP-glycosyltransferase UGT At1g24100   19  21 CBS:1867,728,576 
 
82 sulfotransferase ST2 At1g74090   17    
Indole glucosinolate branch         GL-TRP2:1.89e-09(21/35624) 
GL-TRP5:1.01e-05(8/8446) 
GL-TRP4:3.61e-05(10/14468) 
GL-TRP1:7.25e-05(11/19861) 
MOTIF3A:1.03e-03(5/5059) 
CBS:1.53e-03(7/12234) 
STRE:6.16e-03(9/25932) 
GL-MET4:6.50e-03(12/37935) 
83 monooxygenase  At4g39950 CYP79B2   23  CBS:1829,810   EE:183 
84 monooxygenase  At2g22330 CYP79B3  0 23  CBS:917,782 
85 alkylthiohydroximate C-S lyase SUR1 At2g20610   19  22  
86 UDP-glycosyltransferase UGT At1g24100   19  21 CBS:1867,728,576 
87 desulfoglucosinolate sulfotransferase DST At1g74100     22  
           
Brassinosteroid Pathway Name AGI P450 DD_DDHC 
LL_L
DHH 
LL_L
DHC 
LL_L
LHC EE/CBS/ME 
e-value and over-represented 
ratio in element 
Brassinosteroid biosynthesis         
MOTIF1:4.26e-05(3/358) 
GATA[LRE]:1.46e-04(47/173280) 
BS2:1.48e-03(9/16468) 
MOTIF8:1.77e-03(23/76487) 
ATMYC2 BS IN RD22:2.14e-03(11/26615) 
BS1:7.13e-03(8/16242) 
MOTIF1A:9.15e-03(3/2310) 
88 C-24 reduction DWF1 At3g19820   7 8  EE:1577 
89 3-oxo-5-α-steroid-4-dehydrogenase  At3g55360     22 CBS:1085,177 
90 steroid 22α-hydroxylase DWF4 At3g50660 CYP90B1   12 8  
91 6-deoxo-cathasterone 23α-hydroxylase CPD At5g05690 CYP90A1  5 8 9  
92 C-2α-hydroxylase ROT3 At4g36380 CYP90C1  3  6 CBS:280 
93 brassinolide synthase BR6ox2 At3g30180 CYP85A2  1   EE:894,309 
Degradation of brassinosteroid         
ATMYB2 BS IN RD22: 8.27e-03(3/7337) 94 brassinosteroid breakdown BAS1 At2g26710 CYP734A1  5  6 EE:1902,514  CBS:1796,819 
95 glucosyltransferase UGT73C5 At2g36800   16  21  
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Supplementary Table S2-1. Primers used for RT-PCR gel blots analysis. 
73A5-5' 5’TTGCACATCCTTAACCACTCC3’ 
75B1-5' 5’GACTCGGGTCGGGTTAAAAT3’ 
84A1-5’ 5’GGGGTTTGGTATGGTGAAAA3’ 
98A3-5’ 5’TTGACCGGATCTTAACCGAG3’ 
74A1-5’ 5’AGAAGAACCTCTCATCCATACATTTAGTC3’ 
90A1-5’ 5’CAGTTGGGTTCCTGCAGAGC3’ 
79B3-5’ 5’ACGTGTCGAGCTTATGGA3’ 
PAP1-5’ 5’GACAACAGAAAAGGGGGACA3’ 
oligo-dT 5’CGGAATTCTTTTTTTTTTTTTTTTT3’ 
UBQ10-5’ 5’CTTGGTCCTGCGTCTTCGTGGTGGTTTC3’ 
UBQ10-3’ 5’ CGACTTGTCATTAGAAAGAAAGAGATAACAGG3’ 
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Supplementary Table S2-2. Sequences of over-represented elements.  
The length and frequency of each motif within 2 kb of the 27,457 annotated promoters in the Arabidopsis genome are listed along with published 
references for each motif or the set of promoters in which they were first identified. 
Motif Name Motif sequence Length Frequency in all promoters References 
ABFS BINDING SITE MOTIF CACGTGGC 8 1490 Science 250:267-270 (1990) 
ABRE-LIKE BINDING SITE MOTIF [CGT]ACGTG[GT][AC] 8 12125 Curr. Opin. Plant Biol. 3:217-223 (2000)  
AG / AP1 BS IN SUP CCATTTTTGG 10 304 Proc. Natl. Acad. Sci. USA 93:4793-4798 (1996) 
ATMYB2 BS IN RD22 CTAACCA 7 7337 Plant Cell 9:1859-1868 (1997) 
ATMYC2 BS IN RD22 CACATG 6 26615 Plant Cell 9:1859-1868 (1997) 
BOXII PROMOTER MOTIF GGTTAA 6 30853 Plant J. 18:663-8 (1999) 
CBS(CCA1 binding site) AAAAATCT 8 12234 Plant cell 9:491-507 (1997) 
CCA1 BINDING SITE MOTIF AA(A/C)AATCT 8 17321 Plant cell 9:491-507 (1997) 
DPBF1&2 BINDING SITE MOTIF ACACNNG 7 60493 Plant J 11:1237-1251 (1997) 
DRE-LIKE PROMOTER MOTIF [AGT][AG]CCGAC[ACGT][AT] 9 7253 Plant Cell 14:559-574 (2002)  
EVENINGELEMENT PROMOTER 
MOTIF AAAATATCT 9 3608 Science 290:2110-3 (2000) 
GATA PROMOTER MOTIF [LRE] [AT]GATA[GA] 6 173280 Plant Mol Biol. 50:43-57 (2002) 
G-BOX PROMOTER MOTIF [LRE] CACGTG 6 8723 Proc Natl Acad Sci USA 91:2522-2526 (1994) 
IBOX PROMOTER MOTIF GATAAG 6 30201 Proc Natl Acad Sci USA 85:7089-7093 (1988) 
LTRE PROMOTER MOTIF ACCGACA 7 2927 Plant Mol Biol 21:641-653 (1993) 
MORNING ELEMENT  AACCAC 6 28034 Plant Cell 17:1926-1940 (2005) 
MYB BINDING SITE PROMOTER [AC]ACC[AT]A[AC]C 8 20163 EMBO J 13:128-137 (1994) 
MYB3 BINDING SITE MOTIF TAACTAAC 8 2806 Plant Cell 14:559-74 (2002) 
MYB4 BINDING SITE MOTIF A[AC]C[AT]A[AC]C 7 77609 Plant Cell 14:559-74 (2002) 
PBX ATGGGCC 7 6251 PLoS Genetics 4:e14 (2008) 
RAV1-A BINDING SITE MOTIF CAACA 5 171358 Nucleic Acids Res 27:470-478 (1999) 
RAV1-B BINDING SITE MOTIF CACCTG 6 10348 Nucleic Acids Res 27:470-478 (1999) 
RWRE CGCGTT 6 5171 PLoS Genetics 3:1800-12 (2007) 
SBP-BOX T[ACGT]CGTACAA 9 1200 Gene 237:91-104 (1999) 
SBX AAGCCC 6 16267 PLoS Genetics 4:e14 (2008) 
SORLIP1 GCCAC 5 42489 Plant Phys.133:1605–1616 (2003) 
SORLIP2 GGGCC 5 22714 Plant Phys.133:1605–1616 (2003) 
SORLREP3 TGTATATAT 9 5379 Plant Phys.133:1605–1616 (2003) 
SORLREP4 CTCCTAATT  10 627 Plant Phys.133:1605–1616 (2003) 
STRE AGGGG 5 25932 EMBO J. 12:1997–2003 (1993) 
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Supplementary Table S2-2 (cont.) 
T-BOX PROMOTER MOTIF ACTTTG 6 46396 Plant Mol Biol 46:131-141 (2001) 
TBX AAACCCT 7 17623 PLoS Genetics 4:e14 (2008) 
W-BOX PROMOTER MOTIF TTGAC[CT] 6 63142 Plant Cell 13:1527-1540 (2001) 
WLE1(W-box like element)  TGACA 5 110661 Planta. 227:1141-50 (2008) 
Novel Elements         
BS1 AAC[ACGT]CTTT 8 16242 over-represented in promoters of brassinoisteroid synthesis genes 
BS2 TAT[ACGT]TTAG 8 16468 over-represented in promoters of brassinoisteroid synthesis genes 
CAROT-A1 AGAGA[AG][AG] 7 96444 over-represented in promoters of carotenoid zeaxanthin branch genes 
CAROT-A2 CCAAAN[CA]A 8 49795 over-represented in promoters of carotenoid zeaxanthin branch genes 
CAROT-A3 GAGA[AT]GA[AG] 8 26316 over-represented in promoters of carotenoid zeaxanthin branch genes 
CAROT-B1 [CT]TTG[AG]AAG 8 15943 over-represented in promoters of carotenoid lutein branch genes 
CAROT-B2 [GA][AG]AGAAGCT  9 6397 over-represented in promoters of carotenoid lutein branch genes 
CAROT-B3 GAAGCT 6 35602 over-represented in promoters of carotenoid lutein branch genes 
CAROT-CO AGAAGA 6 106974 over-represented in promoters of carotenoid co-pathway genes 
G-BOX EXTENDED PROMOTER MOTIF CACGTG[GT][AC] 8 4921 over-represented in promoters of intermediate flavonoid pathway and the downstream flavonol and anthocyanin branches genes 
GL-MET1 AAGAGANA 8 37568 over-represented in promoters of aliphatic glucosinolate branch genes 
GL-MET2 ACAACAA 7 26923 over-represented in promoters of aliphatic glucosinolate branch genes 
GL-MET3 ANACCAAA 8 33391 over-represented in promoters of aliphatic glucosinolate branch genes 
GL-MET4 [GT]TTG[TG]TG[TG] 8 37935 over-represented in promoters of aliphatic glucosinolate branch genes 
GL-MET5 [AG]AGAAAAC 8 18143 over-represented in promoters of aliphatic glucosinolate branch genes 
GL-TRP1 ACATATT 7 19861 over-represented in promoters of indole glucosinolate branch genes 
GL-TRP2 ANNTTGAAA 9 35624 over-represented in promoters of indole glucosinolate branch genes 
GL-TRP3 GANGA[TAC]GA[AT] 9 44906 over-represented in promoters of indole glucosinolate branch genes 
GL-TRP4 GTTGG[AT]G 7 14668 over-represented in promoters of indole glucosinolate branch genes 
GL-TRP5 ACCA[AG]CNA[AG] 9 8446 over-represented in promoters of indole glucosinolate branch genes 
JA1 ATGTGAAT 8 4520 over-represented in promoters of jasmonic acid synthesis genes 
JA2 AAGAA[GA]ANG 9 32554 over-represented in promoters of jasmonic acid synthesis genes 
JA3 T[TC]GG[AG]CAA 8 5533 over-represented in promoters of jasmonic acid synthesis genes 
MOTIF2 [AC][AG][AT]TGATGAT 10 4507 over-represented in promoters of P450 that are induced by jasmonic acid or salicylic acid or bion or their combination 
MOTIF3A TNG[AT]N[AG][AT]GGAA[AG] 12 5059 over-represented in promoters of P450 that are induced by jasmonic acid or salicylic acid or bion or their combination 
MOTIF4A T[TG]G[GC][AC]GA[TCA]G[GA] 10 5438 over-represented in promoters of P450 that are induced by IAA 
MOTIF8 ATTCANA 7 76487 over-represented in promoters of P450 of root specific cluster 
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Supplementary Table S2-3. Transcript co-efficients of the phenylpropanoid sub-network.  
Genes in the sub-network in Fig. 7 that contain at least one G-box motif and their associated nodes are 
labeled in red. 
AGI Node Correlation Description 
AT1G06550 CHI 0.957 enoyl-CoA hydratase/isomerase family protein 
AT1G07010 TT5 0.91 calcineurin-like phosphoesterase family protein 
AT1G07010 CHI 0.91 calcineurin-like phosphoesterase family protein 
AT1G07180 TT5 0.909 mitochondria internal NAD(P)H dehydrogenase 
AT1G07390 CHS 0.902 protein binding, contains InterPro domain Leucine-rich repeat, N-terminal 
AT1G07390 F3OG3 0.935 protein binding, contains InterPro domain Leucine-rich repeat, N-terminal 
AT1G07390 DFR 0.931 protein binding, contains InterPro domain Leucine-rich repeat, N-terminal 
AT1G10370 TT5 0.914 ATGSTU17/ERD9/GST30 (early-responsive to dehydration 9); glutathione transferase 
AT1G10650 F3OG2 0.924 protein binding / zinc ion binding 
AT1G18810 CHS 0.901 phytochrome kinase substrate-related 
AT1G19640 CHS 0.941 JMT (jasmonic acid carboxyl methyltransferase) 
AT1G19640 TT7 0.908 JMT (jasmonic acid carboxyl methyltransferase) 
AT1G23740 CHI 0.902 oxidoreductase, zinc-binding dehydrogenase family protein 
AT1G26560 TT5 0.915 glycosyl hydrolase family 1 protein 
AT1G30530 CHI 0.935 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT1G30530 F3OG2 0.92 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT1G32900 CHS 0.95 starch synthase, putative 
AT1G32900 F3H 0.949 starch synthase, putative 
AT1G32900 F3OG3 0.939 starch synthase, putative 
AT1G32900 DFR 0.964 starch synthase, putative 
AT1G33110 CHS 0.925 MATE efflux family protein 
AT1G33110 TT5 0.923 MATE efflux family protein 
AT1G33110 F3H 0.906 MATE efflux family protein 
AT1G48100 CHS 0.933 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family protein 
AT1G48100 TT5 0.94 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family protein 
AT1G48100 F3H 0.903 glycoside hydrolase family 28 protein / polygalacturonase (pectinase) family protein 
AT1G53280 F3OG2 0.917 DJ-1 family protein 
AT1G55910 F3OG2 0.926 ZIP11 (zinc transporter 11 precursor) 
AT1G57770 TT7 0.909 amine oxidase family 
AT1G62180 CHI 0.925 APR2 (adenosine 5'-phosphosulfate reductase 2) 
AT1G62250 CHI 0.912 similar to unnamed protein product [Vitis vinifera] (GB:CAO21221.1) 
AT1G65490 TT5 0.904 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G65486.1) 
AT1G65870 TT5 0.918 disease resistance-responsive family protein 
AT1G68440 CHI 0.904 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G25400.1) 
AT1G70610 TT5 0.912 ATTAP1 (Arabidopsis thaliana transporter associated with antigen processing protein 1) 
AT1G70610 CHI 0.914 ATTAP1 (Arabidopsis thaliana transporter associated with antigen processing protein 1) 
AT1G75810 F3OG2 0.904 similar to unnamed protein product [Vitis vinifera] (GB:CAO60969.1) 
AT2G14300 TT7 0.912 transposable element gen, pseudogene, similar to putative helicase 
AT2G15020 TT5 0.906 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G64190.1) 
AT2G16570 CHI 0.922 ATASE (GLN phosphoribosyl pyrophosphate amidotransferase 1) 
AT2G23420 CHS 0.906 nicotinate phosphoribosyltransferase family protein / NAPRTase family protein 
AT2G23420 TT5 0.923 nicotinate phosphoribosyltransferase family protein / NAPRTase family protein 
AT2G23420 CHI 0.962 nicotinate phosphoribosyltransferase family protein / NAPRTase family protein 
AT2G23420 F3H 0.916 nicotinate phosphoribosyltransferase family protein / NAPRTase family protein 
AT2G24540 CHS 0.915 AFR (attenuated far-red response) 
AT2G24540 TT5 0.924 AFR (attenuated far-red response) 
AT2G24540 F3H 0.919 AFR (attenuated far-red response) 
AT2G25510 F3H 0.924 unknown protein 
AT2G25510 F3OG3 0.912 unknown protein 
AT2G25510 DFR 0.917 unknown protein 
AT2G25530 TT5 0.909 AFG1-like ATPase family protein 
AT2G26170 CHS 0.945 CYP711A1 (MAX1, more axillary branches 1) 
AT2G26170 TT5 0.914 CYP711A1 (MAX1, more axillary branches 1) 
AT2G26170 CHI 0.925 CYP711A1 (MAX1, more axillary branches 1) 
AT2G26170 F3H 0.921 CYP711A1 (MAX1, more axillary branches 1) 
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AT2G26170 F3OG3 0.908 CYP711A1 (MAX1, more axillary branches 1) 
AT2G31750 CHS 0.914 UGT74D1 (UDP-glycosyltransferase 74D1) 
AT2G31750 F3H 0.904 UGT74D1 (UDP-glycosyltransferase 74D1) 
AT2G31750 DFR 0.924 UGT74D1 (UDP-glycosyltransferase 74D1) 
AT2G33530 CHS 0.921 SCPL46 (serine carboxypeptidase-like 46) 
AT2G33530 F3H 0.912 SCPL46 (serine carboxypeptidase-like 46) 
AT2G37240 TT5 0.901 antioxidant/ oxidoreductase 
AT2G37240 CHI 0.931 antioxidant/ oxidoreductase 
AT2G41010 CHS 0.937 ATCAMBP25 (calmodulin binding protein of 25 KDa) 
AT2G41010 TT5 0.92 ATCAMBP25 (calmodulin binding protein of 25 KDa) 
AT2G44300 F3OG2 0.929 lipid transfer protein-related 
AT2G44670 F3OG2 0.952 senescence-associated protein-related 
AT2G46450 CHS 0.905 ATCNGC12 (cyclic nucleotide gated channel 12) 
AT2G47010 CHS 0.902 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G17030.1) 
AT2G47490 CHS 0.909 mitochondrial substrate carrier family protein 
AT3G01550 CHS 0.932 triose phosphate/phosphate translocator, putative 
AT3G01550 TT5 0.924 triose phosphate/phosphate translocator, putative 
AT3G01550 F3H 0.918 triose phosphate/phosphate translocator, putative 
AT3G06280 TT7 0.946 similar to F-box family protein [Arabidopsis thaliana] (TAIR:AT1G47730.1) 
AT3G11500 DFR 0.903 small nuclear ribonucleoprotein G, putative / snRNP-G, putative  
AT3G12920 CHS 0.913 protein binding / zinc ion binding 
AT3G12920 TT5 0.906 protein binding / zinc ion binding 
AT3G13110 F3OG2 0.902 AtSerat2;2 (mitochondrial serine O-acetyltransferase 1) 
AT3G13130 F3H 0.917 similar to hypothetical protein [Vitis vinifera] (GB:CAN76025.1) 
AT3G13130 F3OG3 0.907 similar to hypothetical protein [Vitis vinifera] (GB:CAN76025.1) 
AT3G15650 CHI 0.928 phospholipase/carboxylesterase family protein 
AT3G15650 F3H 0.915 phospholipase/carboxylesterase family protein 
AT3G15860 DFR 0.906 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G26090.1) 
AT3G16150 F3OG3 0.919 L-asparaginase, putative / L-asparagine amidohydrolase, putative 
AT3G16150 DFR 0.948 L-asparaginase, putative / L-asparagine amidohydrolase, putative 
AT3G17611 CHS 0.916 rhomboid family protein / zinc finger protein-related 
AT3G17611 TT5 0.954 rhomboid family protein / zinc finger protein-related 
AT3G17611 CHI 0.912 rhomboid family protein / zinc finger protein-related 
AT3G21560 TT5 0.903 UGT84A2; UDP-glycosyltransferase/ sinapate 1-glucosyltransferase 
AT3G21560 F3H 0.907 UGT84A2; UDP-glycosyltransferase/ sinapate 1-glucosyltransferase 
AT3G21890 CHS 0.908 zinc finger (B-box type) family protein 
AT3G21890 TT5 0.905 zinc finger (B-box type) family protein 
AT3G21890 CHI 0.919 zinc finger (B-box type) family protein 
AT3G22550 CHS 0.903 senescence-associated protein-related 
AT3G22550 TT7 0.907 senescence-associated protein-related 
AT3G23920 F3OG3 0.909 BAM1/BMY7/TR-BAMY (beta-amylase 1) 
AT3G24770 F3OG2 0.913 CLE41 (clavata3/esr-relataed 41); receptor binding 
AT3G26960 F3H 0.926 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT5G41050.1) 
AT3G29590 CHS 0.947 AT5MAT; O-malonyltransferase/ transferase 
AT3G29590 F3H 0.967 AT5MAT; O-malonyltransferase/ transferase 
AT3G29590 TT7 0.928 AT5MAT; O-malonyltransferase/ transferase 
AT3G29590 F3OG3 0.982 AT5MAT; O-malonyltransferase/ transferase 
AT3G29590 DFR 0.98 AT5MAT; O-malonyltransferase/ transferase 
AT3G51240 CHS 0.976 F3H (transparent testa 6); naringenin 3-dioxygenase 
AT3G51240 TT5 0.95 F3H (transparent testa 6); naringenin 3-dioxygenase 
AT3G51240 CHI 0.932 F3H (transparent testa 6); naringenin 3-dioxygenase 
AT3G51240 TT7 0.931 F3H (transparent testa 6); naringenin 3-dioxygenase 
AT3G51240 F3OG3 0.969 F3H (transparent testa 6); naringenin 3-dioxygenase 
AT3G51240 DFR 0.947 F3H (transparent testa 6); naringenin 3-dioxygenase 
AT3G55120 CHS 0.968 A11/CFI/TT5 (transparent testa 5); chalcone isomerase 
AT3G55120 CHI 0.93 A11/CFI/TT5 (transparent testa 5); chalcone isomerase 
AT3G55120 F3H 0.95 A11/CFI/TT5 (transparent testa 5); chalcone isomerase 
AT3G55120 TT7 0.919 A11/CFI/TT5 (transparent testa 5); chalcone isomerase 
AT3G61890 DFR 0.913 ATHB-12 (Arabidopsis thaliana homeobox protein 12); transcription factor 
AT4G02940 F3OG2 0.906 oxidoreductase, 2OG-Fe(II) oxygenase family protein 
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AT4G04750 F3H 0.909 carbohydrate transmembrane transporter/ sugar:hydrogen ion symporter 
AT4G14090 CHS 0.938 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT4G14090 F3H 0.957 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT4G14090 TT7 0.937 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT4G14090 F3OG3 0.991 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT4G14090 DFR 0.98 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT4G14690 TT5 0.902 ELIP2 (early light-induced protein 2); chlorophyll binding 
AT4G15530 CHS 0.922 PPDK (pyruvate orthophosphate dikinase) 
AT4G15530 F3H 0.936 PPDK (pyruvate orthophosphate dikinase) 
AT4G15530 F3OG3 0.901 PPDK (pyruvate orthophosphate dikinase) 
AT4G17530 F3OG2 0.91 RAB1C; GTP binding 
AT4G22200 CHI 0.901 AKT2 (Arabidopsis K+ transporter 2) 
AT4G23580 CHS 0.911 kelch repeat-containing F-box family protein 
AT4G26860 TT5 0.909 alanine racemase family protein 
AT4G26860 CHI 0.914 alanine racemase family protein 
AT4G34630 F3OG2 0.922 similar to CM0216.450.nc [Lotus japonicus] (GB:BAF98581.1) 
AT4G36640 F3OG2 0.921 SEC14 cytosolic factor family protein / phosphoglyceride transfer family protein 
AT5G01810 TT5 0.911 CIPK15 (CBL-interacting protein kinaseE 15) 
AT5G03555 TT5 0.916 permease, cytosine/purines, uracil, thiamine, allantoin family protein 
AT5G03650 TT7 0.903 SBE2.2 (starch branching enzyme 2.2); 1,4-alpha-glucan branching enzyme 
AT5G05270 CHS 0.917 chalcone-flavanone isomerase family protein 
AT5G05270 TT5 0.93 chalcone-flavanone isomerase family protein 
AT5G05270 F3H 0.932 chalcone-flavanone isomerase family protein 
AT5G07990 CHS 0.95 TT7 (transparent testa 7); flavonoid 3'-monooxygenase/ oxygen binding 
AT5G07990 TT5 0.919 TT7 (transparent testa 7); flavonoid 3'-monooxygenase/ oxygen binding 
AT5G07990 F3H 0.931 TT7 (transparent testa 7); flavonoid 3'-monooxygenase/ oxygen binding 
AT5G07990 F3OG3 0.941 TT7 (transparent testa 7); flavonoid 3'-monooxygenase/ oxygen binding 
AT5G07990 DFR 0.904 TT7 (transparent testa 7); flavonoid 3'-monooxygenase/ oxygen binding 
AT5G08640 TT5 0.945 FLS (flavonol synthase) 
AT5G08640 CHI 0.915 FLS (flavonol synthase) 
AT5G11930 DFR 0.904 glutaredoxin family protein 
AT5G13930 TT5 0.968 ATCHS/CHS/TT4 (chalcone synthase); naringenin-chalcone synthase 
AT5G13930 CHI 0.917 ATCHS/CHS/TT4 (chalcone synthase); naringenin-chalcone synthase 
AT5G13930 F3H 0.976 ATCHS/CHS/TT4 (chalcone synthase); naringenin-chalcone synthase 
AT5G13930 TT7 0.95 ATCHS/CHS/TT4 (chalcone synthase); naringenin-chalcone synthase 
AT5G13930 F3OG3 0.951 ATCHS/CHS/TT4 (chalcone synthase); naringenin-chalcone synthase 
AT5G13930 DFR 0.934 ATCHS/CHS/TT4 (chalcone synthase); naringenin-chalcone synthase 
AT5G14640 F3OG2 0.921 protein kinase family protein 
AT5G15450 CHS 0.904 APG6/CLPB-P/CLPB3 (ALBINO AND PALE GREEN 6); ATP binding / ATPase 
AT5G15450 CHI 0.909 APG6/CLPB-P/CLPB3 (ALBINO AND PALE GREEN 6); ATP binding / ATPase 
AT5G15450 F3H 0.906 APG6/CLPB-P/CLPB3 (ALBINO AND PALE GREEN 6); ATP binding / ATPase 
AT5G15850 CHS 0.933 COL1 (constans-like 1); transcription factor/ zinc ion binding 
AT5G15850 TT5 0.921 COL1 (constans-like 1); transcription factor/ zinc ion binding 
AT5G15850 CHI 0.909 COL1 (constans-like 1); transcription factor/ zinc ion binding 
AT5G15850 F3H 0.928 COL1 (constans-like 1); transcription factor/ zinc ion binding 
AT5G17050 CHS 0.958 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT5G17050 TT5 0.96 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT5G17050 CHI 0.945 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT5G17050 F3H 0.973 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT5G17050 TT7 0.939 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT5G17050 F3OG3 0.951 UDP-glucoronosyl/UDP-glucosyl transferase family protein 
AT5G17220 F3H 0.907 ATGSTF12 (glutathione transferase 26) 
AT5G17220 F3OG3 0.962 ATGSTF12 (glutathione transferase 26) 
AT5G17220 DFR 0.987 ATGSTF12 (glutathione transferase 26) 
AT5G22060 F3OG2 0.918 ATJ2 (Arabidopsis thaliana DnaJ homologue 2) 
AT5G24380 F3OG2 0.919 YSL2 (yellow stripe like 2); oligopeptide transporter 
AT5G42800 CHS 0.934 DFR (dihydrokaempferol 4-reductase) 
AT5G42800 F3H 0.947 DFR (dihydrokaempferol 4-reductase) 
AT5G42800 TT7 0.904 DFR (dihydrokaempferol 4-reductase) 
AT5G42800 F3OG3 0.977 DFR (dihydrokaempferol 4-reductase) 
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AT5G42990 TT5 0.941 UBC18 (ubiquitin conjugating enzyme 18) 
AT5G42990 F3H 0.929 UBC18 (ubiquitin conjugating enzyme 18) 
AT5G48880 CHS 0.908 KAT5/PKT1/PKT2 (peroxisomal 3-ketoacyl-CoA thiolase 1,2) 
AT5G48880 F3H 0.907 KAT5/PKT1/PKT2 (peroxisomal 3-ketoacyl-CoA thiolase 1,2) 
AT5G48880 TT7 0.945 KAT5/PKT1/PKT2 (peroxisomal 3-ketoacyl-CoA thiolase 1,2) 
AT5G48880 F3OG3 0.937 KAT5/PKT1/PKT2 (peroxisomal 3-ketoacyl-CoA thiolase 1,2) 
AT5G48880 DFR 0.939 KAT5/PKT1/PKT2 (peroxisomal 3-ketoacyl-CoA thiolase 1,2) 
AT5G52570 CHS 0.934 BETA-OHASE 2 (beta-carotene hydroxylase 2) 
AT5G52570 F3H 0.908 BETA-OHASE 2 (beta-carotene hydroxylase 2) 
AT5G54060 CHS 0.951 UF3GT (UDP-glucose:flavonoid 3-O-glycosyltransferase) 
AT5G54060 F3H 0.969 UF3GT (UDP-glucose:flavonoid 3-O-glycosyltransferase) 
AT5G54060 TT7 0.941 UF3GT (UDP-glucose:flavonoid 3-O-glycosyltransferase) 
AT5G54060 DFR 0.977 UF3GT (UDP-glucose:flavonoid 3-O-glycosyltransferase) 
AT5G54130 TT5 0.917 calcium-binding EF hand family protein 
AT5G54130 CHI 0.902 calcium-binding EF hand family protein 
AT5G66550 FS 0.91 Maf family protein 
AT5G66740 CHS 0.906 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G75160.1) 
AT5G66740 TT5 0.934 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G75160.1) 
AT5G66740 F3H 0.919 similar to unknown protein [Arabidopsis thaliana] (TAIR:AT1G75160.1) 
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Chapter 3. Circadian-regulated and phytohormone-responsive gene expression of P450s 
3.1 Abstract  
Plant growth and development are regulated by both hormone and circadian signaling 
pathways. To understand the interactions between hormone response networks and circadian 
signaling networks in regulating P450 gene expression, semi-quantitative RT-PCR gel blots have 
been performed, indicating that the responses to phytohormones (methyl jasmonate (MeJ), 
salicylic acid (SA), abscisic acid (ABA) and indole-3-acetic acid (IAA)) of many genes are gated 
by circadian clock. Different hormone inductions have also been shown to provide feedback to 
the circadian regulation of P450 genes including CYP74A1 and CYP74B2 in oxylipin pathway 
and CYP79B3 in glucosinolate pathway, by affecting their phase, amplitude and/or period.  
Many P450 genes as well as non-P450 genes in jasmonate (JA) pathway and indole 
glucosinolate (IG) synthesis pathway responding to circadian and MeJ cues have their circadian 
phasing eliminated or damped in the presence of MeJ. These time course variations in MeJ 
inducibility suggest that circadian cycling can economize transcriptional outputs while still 
allowing for maximal responses to biotic stresses. My research has defined expression patterns of 
representative Arabidopsis P450s under normal and MeJ conditions throughout the circadian day, 
as well as revealed potential interactions between circadian rhythms and jasmonic acid signaling 
by transcriptional factors binding to different cis-elements. Analysis of the transcription profiles 
of myc2 knockout plants inactivated in the bHLH transcription factor MYC2 suggests that 
circadian regulation of JA and IG pathways is independent of MYC2, a finding significantly 
different from previous literature describing the gating of JA signaling by the circadian clock in 
Arabidopsis.  
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3.2 Introduction 
Understanding how plants modulate their responses to internal and external cues is 
essential fully appreciate their biological flexibilities. Circadian rhythms represent internal cues 
that allow organisms to respond to environmental changes; stress signaling cascade are internal 
pathways modulated by external cues, that allow plants to adjust themselves to changing 
conditions. More and more evidence has indicated that multiple hormone responses are 
intertwined with circadian cycling, including abscisic acid (ABA), 1-aminocyclopropane-1-
carboxylic acid (ACC), brassinolide (BL), cytokinin (CK), indole-3-acetic acid (IAA), salicylic 
acid (SA), jasmonate (JA) and methyl jasmonate (MeJ) (S.L. Harmer, unpublished). With many 
studies detailing the responses of various gene families under biotic and abiotic stresses, there 
has been little information on how members of the highly diverse cytochrome P450 
monooxygenase (P450) gene superfamily involved in synthesis of many of these hormones 
integrate responses to circadian cues. 
Additional evidence has indicated that induced plant defenses are regulated by signaling 
networks in which JA, SA, ABA and IAA play central roles (Durrant and Dong, 2004; Wang et 
al., 2007; Ton and Mauch-Mani, 2009; Robert-Seilaniantz et al., 2011). Among these 
phytohormones, JA is particularly interesting because it regulates a broad range of plant growth, 
development, and defense-related processes. In addition, cis-jasmone has recently been identified 
as a ligand of insect olfactory receptors (Chung et al., 2009; Tanaka et al., 2009) and methyl 
jasmonate has been identified as an anti-cancer drug (Cohen and Flescher, 2009). SA is 
interesting because it is a hormone involved in biotrophic defense that usually acts 
antagonistically to jasmonates (Smith et al., 2009). Moreover, it is important in the development 
of systemic acquired resistance (SAR), a broad-spectrum and long-lasting immune response 
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activated by avirulent pathogens (Vlot et al., 2009). ABA is a hormone induced by drought that 
mediates abiotic stress responses and also plays a pivotal role in plant immunity (Cao et al., 
2011). ABA has been reported to have signal crosstalk with MeJ to regulate stomatal closure in 
guard cells (Munemasa et al., 2011) and crosstalk with SA in determining the outcome of plant-
pathogen interactions (Ton and Mauch-Mani, 2009; Cao et al., 2011). Auxin is another 
phytohormone regulating broad aspects in plant development. Interestingly, some 
phytopathogenic bacteria, such as Agrobacterium spp. and Pseudomonas savastanoi pv. 
savastanoi, synthesize auxin to disturb the auxin balance in plants (Mole et al., 2007; Spaepen 
and Vanderleyden, 2011).  Response to biotic stresses, including infection of plants by pathogens, 
and feeding by insects, as well as response to abiotic stresses such as cold and drought, have 
been shown to cause the induction of a unique physiological state called “priming”. Primed 
plants can react more rapidly and more strongly to a variety of environmental stresses in 
subsequent biological stimulation by pathogens and insect herbivores, or in chemical stimulation 
by JA or SA (Conrath et al., 2006). Compared with complete repeat of induction of 
phytohormone responses, priming represents a cost-effective strategy of coping with 
environmental stresses.  Whether plants can be primed by other phytohormones such as ABA or 
IAA is unknown yet.  
The accumulation of these phytohormones oscillates during the day in plants. JA and its 
chemical derivatives show peak amounts in the middle of the subjective day, just a few hours 
before peak amount of many JA-regulated transcripts (Pan et al., 2009; Goodspeed et al., 2012). 
Interestingly, the circadian phase pattern of JA is consistent with the circadian peak in insect 
feeding, suggesting the underlying mechanism of clock-enhanced herbivory resistance 
(Goodspeed et al., 2012). Not surprisingly, SA shows opposite phasing (relative to JA), with 
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peaks in the middle of the subjective night (Goodspeed et al., 2012). In contrast, ABA has its 
maximum at the beginning of the dark phase in tobacco leaves, and IAA has its maximum at 
midday during the diurnal cycle (Tallman, 2004; Novakova et al., 2005; Rawat et al., 2009; 
Nozue et al., 2011). Genes involved in synthesis and inactivation of these hormones are strongly 
circadian controlled, which is not surprising as given the fact that hormones levels vary with its 
circadian cycle (Covington et al., 2008; Pan et al., 2009; Sanchez et al., 2011).  
Furthermore, many physiological and molecular responses to hormones have been shown 
to be gated by circadian clock. In a first example, ABA treatment, which promotes stomatal 
closure, is less effective early in the day than at dusk (Robertson et al., 2009). Consistent with 
this, many ABA-responsive genes appear to have diurnal fluctuations in their transcript level 
(Mizuno and Yamashino, 2008). TIMING OF CAB EXPRESSION 1 (TOC1) has been identified 
as a molecular switch connecting the circadian clock to ABA-mediated transcription responses 
by binding to the ABA-related gene (ABAR) promoter and controlling its circadian expression. 
ABA can in turn acutely induce the expression of TOC1 and advance its phase in a way that 
further modulates the ABAR circadian clock (Legnaioli et al., 2009). In a second example, auxin 
treatment, which modulates growth rates, is more effective at dawn (Covington and Harmer, 
2007). The sensitivities to auxin of many auxin-responsive genes are gated by circadian clock 
(Covington and Harmer, 2007). This observation explains the fast growth of plants around dawn. 
At this time of the day, auxin levels and plant responsiveness coincide with increased water 
turgor pressure and renewal of carbon supply, which promote the growth (Nozue et al., 2007).  
To better understand how the intensities of these defense molecules trigger the activation 
of specific sets of defense-related genes at different times of day, I evaluated the transcript levels 
of some P450s in response to different phytohormones over a time course of two days. My 
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research has indicated that some P450 responses to MeJ, SA, ABA and IAA are gated by 
circadian rhythms, and that hormones can in turn provide feedback to the clock by affecting 
phase, amplitude and period. 
3.3 Material and Methods 
Plant materials and treatments 
Arabidopsis Columbia (Col-0) ecotype and myc2 (SALK_040500) mutants obtained from 
the Arabidopsis Biological Resource Center (ABRC, http://abrc.osu.edu/) plants were sterilized 
in 70% ethanol for 30 sec and 15% Clorox bleach for 15 min and then rinsed in distilled water 
five times prior to plating on 1/2 MS plates containing 0.8% agar and 0.5% sucrose (w/v) in a 
vertical position under a 12 hr light/12 hr dark cycles at 22°C for 10 days. Seedlings were 
harvested at subjective dawn and every 4 hr over the course of the next 44 hr. 
For exogenous hormone treatment under circadian condition (continuous white light at 
22°C), 10-day-old seedlings were sprayed three hours before each harvest with hormones (100 
µM MeJ, 1 mM SA, 100 µM IAA or 50 µM ABA) with MS medium. For control treatments, 
seedlings were sprayed three hours before each harvest with the same amount of MS medium 
without hormones.  
RNA extractions and RT-PCR gel blotting analyse 
 These procedures were the same as in Chapter 2. The primers used are listed in 
Supplementary Table S3-1. 
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cis-Element analysis 
 The use of cis-element finding tools such as elefinder, AlignACE and AGRIS database is 
the same as mentioned in Chapter 2. The CYP74A1 and CYP79B3 promoter sequences were 
also analyzed using the plant PLACE database (http://www.dna.affrc.go.jp/PLACE/).  
Electrophoretic mobility shift assays (EMSA) 
 Two 30-mer oligonucleotide probes (74A1-G-box and 79B3-G-box in Fig. 3-5) were 
prepared by boiling equal amounts of sense and antisense oligonucleotide (designed to have a 
single thymine overhang at the 5’-end of each duplexed probe) (Invitrogen) and then allowing 
them to cool and anneal slowly at room temperature. Probes Gbox-JA1 (147 bp), CBS (171 bp), 
TRP1 (65 bp) and CBS-TRP1 (236 bp) (shown in Fig. 3-5) were prepared by cloning the 
corresponding PCR products into pGemTeasy vector (Promega), and digesting the resulting 
plasmids with EcoRI to produce restriction fragments with two thymines overhangs at the 5’-end 
of each probe. The concentration was determined by nanodrop and agarose gel as well.  
Approximately 2 µL of a solution corresponding to 100 ng of DNA was end-labeled with 
2 μL [α-32P]dATP (3000 Ci/mmole, 10 mCi/mL) by filling in the 5’-overhang using 1 unit 
Klenow fragment of DNA polymerase I (New England Biolabs) in 50 µL system (5 µL 10x 
React2 buffer, 5 µL dNTP (-dATP, 0.5mM), and ddH2O to 50 μL total volume), and incubated 
30 min at room temperature. The probes were purified on Sephadex G-25 columns and typically 
diluted two-fold to approximately 10,000 cpm/µL. Binding reactions (15 µL) contained labeled 
DNA (~1 ng, 10,000-20,000 cpm), 25 µg of Arabidopsis seedling nuclear protein extract, 10 mM 
Tris (pH 7.5 at 20°C), 1 mM EDTA, 100 mM KCl, 10% glycerol, 10 µg/mL BSA, 1 mM 
dithiothreitol (DTT) and 1.5 µg poly (dI-dC) (Sigma). Reactions were incubated for 30 min at 
room temperature, loaded on a 4.5% native acrylamide gel (acrylamide:bisacrylamide ratio of 
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37.5 : 1, Sigma), with 5 µL of DNA loading dye loaded to an empty well as a marker, and then 
run in 0.5x TBE for 2.5-3 hrs at 150 V (until the bromophenol blue dye reaches two-thirds to the 
bottom of the gel).  
Preparation of nuclear extracts 
The nuclear extracts were prepared as described in Jensen et al. (1988) and Dignam et al. 
(1983). For these, 10-day-old seedlings were harvested, frozen in liquid nitrogen, and then 
homogenized with a mortar and pestle containing liquid nitrogen. Approximately 10-20 g tissue 
was dissolved in 2 mL/g (volume to weight of tissue) buffer A (10 mM NaCl, 10 mM MES (pH 
6.0 buffered with 1 M KOH), 5 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine, 20 mM β-
mercaptoethanol, 0.2 mM PMSF, 0.6% Triton X-100 and 0.25 M sucrose). The homogenate was 
filtered through two layers of Miracloth and then centrifuged for 15 min at 2,000 x g to obtain a 
crude nuclear pellet. The pellet (nuclei) was washed once with buffer A and then resuspended in 
buffer B (6 g 5 x buffer A and 45 g Percoll (GE)). The suspension was centrifuged for 5 min at 
4,000 x g and the fraction floating on the top of the gradient was washed twice with buffer A and 
resuspended again in 2 mL of extraction buffer C (20 mM HEPES (pH 7.9), 25% glycerol, 420 
mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT). After sonication, the 
nuclear debris was removed by 15 min centrifugation at 15,000 x g, and the nuclear proteins in 
the supernatant were aliquoted and stored in -80°C. Total protein concentrations were 
determined by Bradford protein assays (Zor and Selinger, 1996). 
3.4 Results 
Circadian regulated P450s responding to exogenous phytohormones 
In previous analyses, microarrays containing P450 trancripts were used for profiling the 
constitutive and inducible P450 transcripts levels in 7-day-old seedlings treated with a variety of 
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phytohormones including 100 µM MeJ, 1 mM SA, 100 µM IAA and 50 µM ABA applied to 7-
day-old Arabidopsis seedlings for different time length. Among the 265 P450 genes detected in 
the microarray, 57 were induced by MeJ treatment, 42 were induced by SA, 48 were induced by 
ABA and 42 were induced by IAA (Fig. 3-1). Only four genes were inducible by all of the four 
treatments: CYP71A19, CYP71A20, CYP89A5 and CYP707A1. And a few were induced by 
both MeJ and SA treatments, including CYP83B1 in the indole glucosinolate pathway (Bak et al., 
2001). But most of MeJ-inducible P450s (40 out of 57) were not responsive to any other 
hormone treatments. In another contrast, over half of IAA responsive genes (27 out of 42) were 
also induced by ABA treatment, including the entire CYP86 family that was involved in fatty 
acid synthesis (Wellesen et al., 2001; Hofer et al., 2008; Compagnon et al., 2009). There were 
also many overlap between SA and ABA/IAA-responsive gene sets, including the CYP707 
family genes in ABA metabolism (Millar et al., 2006; Okamoto et al., 2006) and many genes in 
CYP71B subfamily. The fact that there were very few overlaps between ABA and MeJ 
responsive genes suggested the biological functions of their targets were relatively independent 
(Fig. 3-1).  
Representative P450s with known functions exist in biochemical pathways such as those 
producing oxylipins, glucosinolates, brassinosteroids and sterols (Laudert et al., 1996; Hull et al., 
2000; Bak et al., 2001; Nakamura et al., 2005; Kim et al., 2005). Two of these, CYP74A1 in JA 
synthesis (Laudert et al., 1996) and CYP79B3 in IG synthesis (Hull et al., 2000) were chosen for 
further analysis of their induction regimes and circadian rpatterns (Table 3-1). The RT-PCR gel 
blot analysis using gene-specific primers confirmed that CYP74A1 and CYP79B3 were 
significantly induced (8-fold and 2-fold respectively) by MeJ after 3 hours of treatment (Fig. 3-2), 
that CYP74B2 and CYP79B2 were also significantly induced by MeJ (5-fold and 4-fold 
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respectively). In contrast, CYP79B3 and its close relative CYP79B2 were repressed by SA, ABA 
and IAA (Fig. 3-2 and data not shown). CYP84A1 was not affected by SA, and CYP98A3 did 
not respond significantly to any of these treatments (Fig. 3-2).  
Exogenous phytohormones influence on circadian clock  
To investigate whether these phytohormones influence circadian regulation in 
Arabidopsis, they were exogenously added to the 10-day-old seedlings 3 hours before each 
harvest every 4 hours over a 48 hrs period. As assayed via RT-PCR gel blots using gene-specific 
primers and probes, the exogenous applied hormones can change the circadian rhythms of P450 
and non-P450 transcripts by affecting their expression phase, period, amplitude or precision (Fig. 
3-3). “Phase” is defined as the given time point in the cycle where the rhythm features peaked or 
troughed. “Period” refers to the time required to complete one rhythm cycle. “Amplitude” 
indicates the absolute change, maxima to minima, in the activity rhythm during the cycle. 
“Precision” here means the persistence of a robust and accurate rhythm. The lack of precision 
can be correlated with chaotic amplitude, wavering periodicity or a randomized phase 
(Supplementary Fig. S3-1) (Southern and Millar, 2005; Hanano et al., 2006). Various hormones 
have different influence on different genes.  
For the P450 and non-P450 genes tested, the effect of SA, ABA and IAA on circadian 
rhythm is relatively subtle in that the circadian parameters of the expressions of CYP74A1, 
CYP74B2, CYP79B3, CYP75B1, CCA1 and DFR were not changed much (Fig. 3-3). However, 
SA treatment shifted the phasing of CYP74B2 and DFR with peak accumulations all postponed 4 
hrs (ZT20 and ZT24 separately; ZT: Zeitgeber Time) comparing to those in untreated seedlings 
(ZT16 and ZT20 respectively) (Figs. 3-3B, F). SA treatment also had subtle effects on the 
precision of circadian rhythms of CYP74A1 and CYP79B3 (Figs. 3-3A, C). ABA treatment did 
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not affect the circadian rhythms of any of these transcripts (Figs. 3-3A-F); even though it 
repressed the expression of CYP74A1, CYP79B3 and CYP75B1 all over the time courses (Figs. 
3-3A, C, D). IAA application changed the phasing of CYP74A1 from ZT20 to ZT8 (Fig. 3-3A), 
and affected the amplitude and precision of CYP79B3 and CYP75B1 (Figs. 3-3C, D). MeJ 
treatment significantly affected the amplitude and precision of the circadian cycles for all the 
genes except CCA1 (Figs. 3-3A-F). This is especially evident for the CYP74A1, CYP74B2 and 
CYP79B3 transcripts in oxylipin and indole glucosinolate pathways.  
MeJ-inducible and circadian-regulated gene expression in oxylipin and indole glucosinolate 
pathways 
Previous microarray data sets obtained in the Schuler laboratory have indicated that 
P450s in the oxylipin and indole glucosinolate pathways in Arabidopsis seedlings are highly 
induced by MeJ, including CYP74A1 in JA synthesis and CYP74B2 in C6-volatile synthesis, as 
well as CYP79B2, CYP79B3 and CYP83B1 in indole glucosinolate synthesis. Subsequent 
analyses of twelve publicly available Affymetrix arrays detailing transcript responses of 4- to 5-
week-old plants to 0.1 µM MeJ for 6 hr (Dombrecht et al., 2007) have indicated that many other 
circadian-regulated genes in these two pathways are also MeJ-inducible (Table 3-2). To 
determine whether the JA induction cascade is circadian-gated, RT-PCR gel blots analysis was 
conducted for representable transcripts in the JA and IG pathways on 10-day-old seedlings 
treated with 100 µM MeJ for 3 hrs before harvesting. These analyses indicated that the JA 
synthesis pathway and signaling network is gated within the circadian cycle: exogenous JA has 
ability to induce genes in their synthetic pathway. Specifically, many MeJ-responsive genes, 
including CYP74A1 and AOC2 in JA synthesis, CYP74B2 in C6-volatile synthesis, and 
CYP79B2, CYP79B3 and CYP83B1 in IG synthesis, have such high transcript levels in the 
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presence of MeJ that their circadian phasings significantly eliminated or damped (Figs. 3-4 left 
and middle panels). JMT catalyzing the last step in MeJ synthesis maintains its circadian phasing 
but the amplitude of its phasing is significantly diminished by MeJ induction (10-fold difference 
reduced to 2-fold difference). MeJ-nonresponsive genes, including CYP75B1 in flavonoid 
biosynthesis and CCA1, are expressed with their normal circadian cycling. With these 
indications that MeJ signaling predominates over circadian signaling, calculations of the relative 
MeJ induction levels throughout the circadian cycle (Fig. 3-4 right panels) indicated that MeJ 
induces several genes in the JA and IG synthesis pathways at highest efficiency at ZT0 
(subjective dawn) and those in C6-volatile synthesis at highest efficiency at ZT8 (just past 
midday). This indicates that many aspects of plant physiology not previously thought to be under 
circadian control have time-of-day-specific sensitivities, with likely important consequences for 
plant growth and various environmental responses.  
Sequence and cis-element analysis of CYP74A1 and CYP79B3 promoters  
With microarray data from Genevestigator suggesting that full-length CYP74A1 and 
CYP79B3 transcripts are expressed at high levels in vegetative tissues including hypocotyls, 
seedlings, roots and leaves (Supplementary Fig. S3-2), their promoter sequences and 5’ UTRs 
were surveyed using The Arabidopsis Information Resource (TAIR) database.  
The putative transcriptional start sites of CYP74A1 and CYP79B3 are located 36 bp and 
47 bp upstream of the translational start codons (marked as +1 in Fig. 3-5), respectively. In 
CYP74A1 promoter, the closest canonical TATA box (TATAAAT) is located in the region -102 
to -109, which is too far to be realities. Other less conserved sequences (TATAAC at -42 to -48; 
CAAT box at -27 to -31) may function in this role or this promoter maybe considered TATA-less. 
In CYP79B3 promoter, a putative TATA box is present in the regions -21 to -28 (Figs. 3-5A, B). 
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Using the elefinder, PLACE and AGRIS database, several putative DNA motifs that are 
probably involved in light responsiveness and circadian rhythm have been found in 2000 bp 
upstream of the CYP74A1 and CYP79B3 start codon (Figs. 3-5C, D), including CCA1 binding 
sites (CBS: AAAAATCT), Evening elements (EE: AAAATATCT), and G-boxes (CACGTG). 
G-boxes have been reported to be involved in light responsiveness and circadian rhythms 
(Hudson and Quail, 2003; Xu et al., 2003). EE and CBS have been identified to be involved in 
circadian regulation (Wang et al., 1997; Harmer et al., 2000). In addition, several novel elements 
originally described in Chapter 2, are over-represented in the promoters of many genes in the JA 
and IG pathways, including JA1 (ATGTGAAT), TRP1 (ACATATT) and G-box binding site 
variants MYC2-1 (CACATG), MYC2-2 (CACGTT) and MYC2-3 (CACGAG).  
Further analysis of the promoters for CYP74A1, which contains proximal G-box and JA1 
elements and a distal CBS element (Figs. 3-5A, C), and for CYP79B3, which contains multiple 
distal CBS and TRP1 elements (Figs. 3-5B, D), has proceeded using electrophoretic mobility 
shift assays (EMSA). For this, nuclear extracts were prepared from 12-day-old seedlings 
according to Jensen et al. (1988). The GS-JA1 (-258 bp/-123 bp) fragment of the CYP74A1 
promoter containing one CBS and one JA1 element interacts with transcription factors present in 
nuclear extracts (Fig. 3-5E). These interactions are efficiently competed with 20- to 400- fold 
excess unlabeled GS-JA1 probe (Fig. 3-5E). The CBS-TRP1 (-940 bp/-701 bp) probe of the 
CYP79B3 promoter containing two CBS and two TRP1 elements also interacts with 
transcription factors in the nuclear extracts (Fig. 3-5E) These interactions are also efficiently 
competed with 10- to 500- fold excess unlabeled CBS-TRP1 probe (Fig. 3-5E). The CBS (-940 
bp/-769 bp) probe containing only two CBS elements also interacts with proteins present in 
extracts and is not very efficiently competed even with a 500-fold excess of itself (Fig. 3-5E). 
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Interestingly, excess unlabeled CBS and TRP1 probes do not efficiently compete with the 
binding of CBS-TRP1 longer probe, suggesting either that the longer CBS-TRP1 DNA fragment 
stabilized the binding of nuclear proteins, or that the nuclear extracts binds to CBS probe at a 
different site than the binding site of the CBS-TRP1 probe.   
The cis-element G-box variants are over-represented in both JA and IG pathways (Table 
3-3). G-box is known to be involved in light responsiveness (Rose et al., 1999) and circadian 
rhythms (Hudson and Quail 2003; Xu et al. 2003), and it has been reported to play an important 
role in the responses to jasmonic acid as a binding site for a bHLH transcription factor MYC2 
(Lorenzo et al., 2004). The EMSA analysis has confirmed that the 30-mer oligonucleotides 
containing G-box elements in CYP74A1 promoter and in CYP79B3 promoter are able to bind 
with MYC2 protein (Fig. 3-5F). Though each of the 30-mer oligonucleotides containing a G-box 
palindrome hexamer in it, the binding of the G-box in CYP74A1 promoter is much stronger than 
the one in CYP79B3 promoter (2.5 fold) (Fig. 3-5F), which suggests the flanking sequences 
nearby is important in their binding efficiency to MYC2.  
The circadian regulation of JA and IG pathways is independent of MYC2  
It was still unclear whether the over-represented G-boxes or G-box variants are involved 
with the circadian regulation of JA and IG pathways by binding with MYC2 transcription factor. 
To understand that whether the circadian clock in JA and IG pathway is dependent on 
MYC2 or not, I tested the basal transcript levels and the MeJ induction level of circadian 
regulated genes of WT and myc2 knockout seedlings under free-running condition of LL_LDHH 
for 48 hours. The RT-PCR gel blot result showed that the circadian regulation was maintained in 
myc2 mutant plants for genes in both JA pathway and IG pathway (Figs. 3-6B-F). For JA 
pathway genes, CYP74A1 basal transcript level was a little lower in the myc2 relative to WT 
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(Fig. 3-6B left), AOC2 and CYP74B2 basal expression was the same in myc2 and WT plants 
(Figs. 3-6C, D left). The MeJ induction level was almost the same for AOC2 (Fig. 3-6C right), 
hinting that the JA response of AOC2 was independent of MYC2. For the two P450 genes 
CYP74A1 and CYP74B2, the MeJ induction masked the circadian regulation in WT plants. And 
since the induction was much lower in the myc2 plants, their circadian regulation was more 
obvious in the mutant (Figs. 3-6B, D right). For IG pathway genes, the knockout of MYC2 gene 
didn’t change the circadian regulation of CYP79B3 (Fig. 3-6E) and MYB34 (Fig. 3-6F), a 
transcription factor that has been reported to positively regulate IG pathway (Celenza et al., 
2005). Taken together, the circadian regulation of JA and IG pathways is independent of MYC2.   
3.5 Discussion 
These data presented indicate that both the JA and IG pathways were circadian regulated, 
and were highly induced by MeJ treatment. Semi-quantitative RT-PCR gel blotting analysis of 
MeJ treatment over a 48 hrs time course provided evidence that MeJ inducibility of the oxylipin 
pathway genes, including LOX3, CYP74A1, AOC2, OPR3 and CYP74B2, and IG pathway 
genes including CYP79B2, CYP79B3, CYP83B1 and DST, was gated by the clock. The 
outcome of the plant responses to exogenous applied phytohormones at the transcript level 
should be finely tuned by cross-talk between inducers and repressors of signaling pathways and 
by the interactions with regulatory elements in the promoters of targeted defense-related genes. 
My previous in silico cis-element searches have indicated that EE, G-box/G-box variants, JA1, 
TRP1 elements were over-represented in 1 kb promoters of genes in oxylipin pathway, while 
CBS, G-box/G-box variants, MYB ([AC]ACC[AT]A[AC]C) and TRP1 elements were over-
represented in 1 kb promoters of genes in IG pathway (Table 3-3). Based on the previous 
analysis in Harmer and Kay (2005), the EE and CBS elements presumably mediate the circadian 
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phases of these genes. With EE elements enriched in promoters of genes in the oxylipin pathway, 
many genes have phasing at midnight (ZT13 - ZT17). With CBS elements highly over-
represented in promoters of genes in the IG pathway, all of the genes have a consistent phasing at 
just before the dawn (ZT20 - ZT23). Notably, all of the genes involved in JA and IG pathways 
have lost their circadian rhythms under DD_DDHC conditions that entrain and monitor the 
circadian cycle under constant darkness, but can still maintain them under LL_LLHC condition 
that entrain and monitor the circadian cycle under constant light. This suggests that the circadian 
regulation of JA and IG pathways is light-dependent, and can be entrained by just temperature 
under continuous light. Both EE and CBS motifs have been reported to bind with CCA1 and 
LHY transcription factors (Wang et al., 1997; Harmer et al., 2000) that maintain their circadian 
rhythms with a lower expression under DD_DDHC conditions. The lost of circadian regulation 
of JA and IG pathway in dark hints that either the circadian clock in JA and IG pathways are not 
under the direct control of CCA1 or LHY by binding to EE or CBS, or the circadian control of 
CCA1 or LHY to these two pathways are disturbed by other light-dependent regulations under 
dark.  
All the genes in the JA synthesis pathway were JA-inducible, which suggests that JA 
biosynthesis is regulated by a positive feedback loop (Wasternack, 2007). Interestingly, JA 
synthesis was not induced by endogenous jasmonate in tomato leaves feed with OPDA, the 
product of AOC and substrate of OPR3, which suggests an extracellular perception of JA 
molecules in plants (Miersch and Wasternack, 2000). With multiple genes coding for the same 
enzyme mediating steps in JA synthesis, for example, both LOX and OPR have many isoforms in 
Arabidopsis, it is likely that the individual members of these families are under different modes 
of transcriptional regulation. As for circadian regulation, the phase of LOX1 and OPR transcripts 
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were ZT23 and ZT6 respectively, which was very different with the phase (ZT13 - ZT17) of 
other genes involved in this pathway including LOX3, AOS, AOC and OPR3. And their induction 
by MeJ treatment varies: LOX1 transcript has marginal induction by MeJ treatment and LOX2 is 
highly inducible (Supplementary Fig. S3-3A); OPR has only minimal MeJ induction, and OPR3 
is significantly induced (Supplementary Fig. S3-3B). It has been reported that only OPR3, 
among the multiple OPDA reductase enzymes, has the catalytic activity for cis(+)-OPDA 
(Schaller et al., 2000). The differentiated circadian rhythm and MeJ induction in these genes may 
represent distinct regulation, spatially and temporally. 
Analysis of the microarray data (Dombrecht et al, 2007) comparing the gene expression 
of wild-type and myc2 knockout plants to MeJ treatment suggested several circadian regulated 
secondary pathways responded to MeJ were under the control of the MYC2 transcription factor 
(Table 3-4). The JA pathway genes including LOX2/3, CYP74A1, AOC4, OPR3 and CYP74B2, 
and genes in flavonol and anthocyanin branches of phenylpropanoid pathway including PAL1, 
F3H, F3OG2/3, DFR and ANS were positively regulated by MYC2, because their induction 
levels by MeJ decreased in myc2 mutants compared to wild-type (Table 3-4). In contrast, the IG 
pathway genes including CYP79B2, CYP79B3, CYP83B1, SUR1, UGT, DST and ASA1, and 
auxin pathway genes including CYP71A12, CYP71A13, NIT4, TSA1 and amidase were 
negatively regulated by MYC2 during MeJ signaling (Table 3-4). In contrast to this, the aliphatic 
glucosinolate pathway did not seem to be under direct control of MYC2 (Table 3-4). 
Recent research has found a circadian-clock component TIME FOR COFFEE (TIC), a 
circadian regulator necessary for maintaining circadian period and amplitude (Hall et al., 2003; 
Ding et al., 2007), can interact with MYC2 and repress its protein accumulation, and as a result, 
gate the circadian regulation of JA signaling in Arabidopsis (Shin et al., 2012). Analysis on 
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MYC2ox plants suggested that MYC2 protein accumulation was not dependent on light signaling, 
and was equally abundant for a 8 hrs time period at midday (ZT4 to ZT12), and decreased in 
darkness (Shin et al., 2012).  My RT-PCR gel blot analyses here suggested that MYC2 transcript 
levels are rhythmic with the highest expression at subjective dusk (ZT16), and constantly high in 
the presence of MeJ under LL_LDHH condition (Fig. 3-6A). TIC was shown to repress the 
MYC2 protein level instead of the transcript level. This observation indicates that the circadian 
regulation of MYC2 protein accumulation occurs at both transcriptional level and post-
translational level.  
On the other hand, MYC2 transcript phases at subjective dusk, while MYC2 protein 
accumulation starts from the morning, suggesting an inconsistence of the transcript level and the 
protein level. In the past decade, the circadian clocks were considered to operate primarily 
through regulatory feedback loops that act at the transcriptional level, which most of circadian 
researches were focused on (Hsu and Harmer, 2012). Microarrays have been widely used in 
many model organisms to simultaneously monitor levels of thousands of transcripts in the 
genome (McDonald and Rosbash, 2001; Akhtar et al., 2002; Covington et al., 2008). Many of 
recent studies, however, show that circadian rhythms can persist in the absence of transcription, 
and it is evident that robust and precise circadian oscillations require multiple regulatory 
mechanisms. Pre-mRNA processing, including 5’ capping, 3’ polyadenylation and alternative 
splicing, are essential steps in eukaryotic gene expression that not only affect the mature mRNA 
level but also closely interconnect both transcription and downstream mRNA metabolic events 
including mRNA export and turnover (Moore and Proudfoot, 2009). Alternative splicing is 
reporded as an important mechanism to regulate clock gene expression, including the period 
gene in Drosophila melanogaster (Cheng et al., 1998), the frequency gene in Neurospora crassa 
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(Colot et al., 2005), and the CCA1 gene in Arabidopsis (Filichkin et al., 2010). PRMT5, an 
arginine methyl transferase, is involved in the circadian network by regulating alternative 
splicing of key clock members, PRR7 and PRR9 (Farre et al., 2005; Pettrillo et al., 2011). 
Comparing the regulation of targets of transcriptional components of circadian clock to their 
expression by RNA sequencing in time and genome-wide found a surprising disconnect between 
the nascent transcripts and the amounts of steady-state mRNA in mammal (Koike et al., 2012). 
Post-translational regulatory mechanisms, including phosphorylation and proteasomal 
degradation, are also seen in circadian regulation in many organisms (Harms et al., 2004; Guo et 
al., 2009; Mehra et al., 2009). In Arabidopsis, CCA1 activity is mediated by phosphorylation for 
the active form (Daniel et al., 2004). ZTL, an F-box-containing protein, leads to the degradation 
of two circadian oscillator components TOC1 and PRR5, via the proteosome pathway (Mas et al., 
2003; Han et al., 2004). The direct global connection between transcriptional loops of the clock 
and the circadian-regulated phenotypic responses are still elusive (Doherty and Kay, 2012). 
Taken together, while my study focused on transcriptional regulation, the circadian clock of 
physiological and metabolic events would likely also be affected by other processes, including at 
the co-/post-transcriptional, translational, post-translational and metabolic levels. And it suggests 
it is important to take time of day into account when designing all types of large-scale 
experiments. 
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Figure 3-1. Number of P450 genes responsive to phytohormone induction. 
The Venn diagram shows the overlapping of the numbers of P450 genes induced by four phytohormone 
treatments: MeJ, SA, ABA and IAA, according to the microarray data. 
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Figure 3-2. P450s expression induction by different phytohormones.  
7-day-old seedlings were sprayed 3 hrs becore subjective dawn on MS plates with MS medium containing 
mock (MS), 1 mM SA, 100 µM MeJ, 100 µM IAA or 50 µM ABA. Seedlings were then incubated under 
constant light for 3 hrs at 22°C. Samples were harvested at subjective dawn (ZT0). (A) RNAs analyzed on 
semi-quantitative RT-PCR gel blots for the transcripts listed above each panel. (B) RT-PCR products 
were quantified, background-corrected, normalized against RT-PCR products for constitutive UBQ10 
transcripts and plotted relative to the UBQ10 levels in each sample.  
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Figure 3-3. Circadian fluctuations of P450 and non-P450 transcripts under different treatments.  
10-day-old seedlings were treated with mock MS medium (MS), or MS medium containing 1 mM SA, 
100 µM MeJ, 100 µM IAA or 50 µM ABA, and incubated for 3 hrs under the LL_LDHH condition 
before harvesting every 4 hrs over a 48 hrs time course. RNAs were analyzed on RT-PCR gel blots, 
quantified, background-corrected and plotted for P450 transcripts ((A) CYP74A1, (B) CYP74B2, (C) 
CYP79B3, (D) CYP75B1) and non-P450 transcripts ((E) CCA1, (F) DFR). All RT-PCR products were 
normalized against the RT-PCR products for UBQ10 transcripts in each sample and recorded relative to 
the 0 hr signal in the mock MS in each time course. Values are the means of three replicates; error bars 
denote SD.  
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Figure 3-4. Circadian fluctuations of P450 and non-P450 transcripts in MS and MeJ treatments.  
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Figure 3-4 (cont.) 
10-day-old seedlings were treated with mock MS medium (MS), or MS medium containing 1 mM SA, 
100 µM MeJ, 100 µM IAA or 50 µM ABA, and incubated for 3 hrs under the LL_LDHH condition 
before harvesting every 4 hrs over a 48 hrs time course. RNAs were analyzed on RT-PCR gel blots, 
quantified, background-corrected and plotted for the (A) CYP74A1, (B) AOC2, (C) JMT, (D) CYP74B2, 
(E) CYP79B3, (F) CYP83B1 and (G) CYP75B1 transcripts. All RT-PCR products were normalized 
against the RT-PCR products for constitutive (H) UBQ10 transcripts in each sample and recorded relative 
to the 0 hr signal in the mock MS in each time course. The left panels (A-H) show gel blots for P450, 
non-P450 and UBQ10 transcripts. The middle panels (I-O) show the corresponding transcript levels after 
normalization. The right panels (P-V) show relative MeJ induction levels throughout the time course. 
Two biological replicates were performed, with similar results were obtained in each. 
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Figure 3-5. Sequence analysis of CYP74A1 and CYP79B3 promoters.  
Sequences of the (A) CYP74A1 and (B) CYP79B3 -2 kb promoters denoting the cis-elements predicted 
by the elefinder and AlignACE. The classical TATA box (yellow fill), CBS (orange), EE (brown), G-box 
(red) and variants (MYC2-1 (grey fill), MYC2-2(blue), MYC2-3(pink)), and novel JA1 (green) and 
TRP1(purple fill) elements are highlighted in both sequences and pictorial representations of (C) 
CYP74A1 promoter and (D) CYP79B3 promoter. Gel mobility-shift analyses of (E) the binding of crude 
nuclear extracts to a 147 bp probe containing the G-box and JA1 elements of the CYP74A1 promoter (-
112/-258), a 171 bp probe containing the CBS element of the CYP79B3 promoter (-770/-940), and a 236 
bp probe containing the CBS and TRP1 elements of the CYP79B3 promoter (-705/-940), and (F) the 
binding of purified MYC2 protein to 30-mer oligonucleotides containing the G-box elements in the 
CYP74A1 (-223/-252) and CYP79B3 (-1130/-1159) promoters. Probes used are underlined in different 
colors in (A) and (B): Gbox-JA1, blue; CCA1, orange; TRP1, orange dot; G-box: red dash. 
    A   CYP74A1 -2kb promoter  
    -2000 ATTTCTTCTA TGACTCATTT GCTGTTGATC AAACAGTTAA GAAAACTGGT AAGCTTTACC 
    -1940 AAAAAAGTAC AATGGTGATA TATATTTGGT TAGTTTGACC AGTGAGAATG CATTTTATCA 
    -1880 CATTTATGTA AACCACTCAA CAAAGAACCT CTAGCAAGCG TCGGACAAGA AGTTTAAGAT 
    -1820 TACTAAGGCC AGAATTAATT ACTACCTTGT TCACATGTTG TATGATCATC GTAGCATAAT 
    -1760 GTCTTAGAAC AAACAGATCA GCTACATGTT AAGCTCTACG ACCAAAATGT TGAAGGGCTC 
    -1700 GAGGCTAATG TAGTTTGGTG TCTCTTATGA AAAAGCTACT CCACAGAGGC TTCAAATATT 
    -1640 ATCTTTTAAG CACAAGACAC ATGCGATTAA AGTAGCATTG AGGACTTCGT GATTGTGATT 
    -1580 ACTTCCATGT AACGCCCTCG ATGCAAATTA AAAATGTTGT TTTCATCAAT AGCCACTCCT 
    -1520 AACTCGGAAG TGTTTAGTTA TGACAATCAA AAACTTAAGA GAATTTTCTG TGTATTCCAA 
    -1460 TATGTTATGA GGTTTATTCA AAGAGAAGGA GACCTAAGTA TTTTCTTTCC AACAAGGCAA 
    -1400 AAAACAGGTA AACGCTTGAG ACAAATATTA TCATGTTTGT CCAAAAATAG TGAGTATCAT 
    -1340 GTGAATAATT TAGAAGCTAG ATATGTTCGT CAATAAACAA TAAAATGCGC TAGGATACAA 
    -1280 AACGAACGCT TGGGACGTGT TTTAGGTACA AAACTTCAAA AAAATCTTTA TCGAGACAGA 
    -1220 TTTCCAGATA AAATACACAT ACCATTTTAA CAACGTGTGT GTTTATACAA AAATAACAAA 
    -1160 ATATTAATTT TACGATTTGA AGATATATAT TGTCAGAAGG GGAAAAGAAA AAAACAAAAC 
    -1100 AAAAAGATAC AAAACAGAGT AACAAACTCT ATAAAATATG ATAATATAAT ACATAATTGG 
    -1040 GAAAATGACT AAACATTATC TCTGCCTTTT GGAACTCATC AATAATTATA TATTTTTTTA 
     -980 TTTCTCATAA AAGTCAAAAC TATCAATTCT TAAATTCATT CTAATTCACT CAACTTTTTT 
     -920 TTATAAAAAA ATATCTATAT TAAGTTCTCG ATATTATTTA CTTCCATTAA TTTATCAAAT 
     -860 GATTTTGGTA TAGAATCAAC TTATAATCAT GGATCAAGTC GTGGAATAAC ATATGCTCAA 
     -800 GGGATGGAGC TAAAAGTGCA GTCTACCAAA CCTCAAGTGT TTGTAACTTT GTATAAGCTA 
     -740 GGCCTCCGAT TATTAACTGA ATCGGTTTTT CTGGATCAAA CCAAACTGAG ATTTGGGGTT 
     -680 TGGTTAACCG TCCGGTTTAT AAGAGTCAGC CAGTCAGTTA GATTTTGAAA TAAGGTCGGA 
     -620 TAACAGTTTG GTTTGGTTTA TCGAACCAAA CGGTTAACCA TTTGTTTAAA ATTTTCCAAT 
     -560 TTAATAATTT TACGGATATT TTACGTAATG ATATCAAAAA TTCTTCAAAA CACTACGTGA 
     -500 ACCAAAAAAA AACTATTCAA ATATTTTTAA AGTCTCAAAT GCTTGTATAA ACTATTGATA 
     -440 GTACATTTTC AGGATATATT ATAAGAAGAG GAATATTAAA CAAAGAAACA AAAATACAAA 
     -380 ACAGAGCAAC AAGCTCGATA AAATATGAGA ATAAATAGTA CCAACTTTTA CACAACAAAA 
     -320 ACATTACCAA TTTTTTAATA TGTCAGAAAA AATAAAAAAA GTACCAACTT TATAAAATGA 
     -260 AGGAAAAAAG AGTCAAAGCA CGTGGCTAAA TGAATCGGCC GGTGGCCAGA GTCTCCAATA 
     -200 GATCTCTTTA ATAACTGCGT GGTCTGAAAA AGGAATCTTC CTTCCACGGC CACTAAATTC 
     -140 ACTATTTTCA TTCACATTTA TTATTTTCCT TTATAAATAC AAATTCATTT CTACACAATA 
      -80 ATCATTCAAT ACACATAATT TACTTCTTTC TTTATAACTA CCATATTCTC AATCACAACA 
      -20 CTCGCCACTG TTTCGAATAG 
B   CYP79B3 -2kb promoter 
-2000 ACTTTATATT GAAATCCCTA GTTATATAAA AACCATATTA TTAATATATT ATATCATTTG 
-1940 ATGCGTTTTC CTCTGACGAA GAATTAAAAT GTACATGTTT GATTCACTTC AATACTCCTG 
-1880 TGATTTTATC CAAATATGAA CCTCCATCCA GGAGCGGATC TAGGTGTATG GAAGATGGGA 
-1820 CACGTGCCCT ACACTAAATT ATAAATATTA GCTTGTAAAT ATATGGAGTT TAAATGATTC 
-1760 AGCACAAATG GTTAAGTGTT TTCAATATTC GTCTTTCTTT ACACAGGTCC GAAACTAGTT 
-1700 GAAGTAACTT TTTTCTTTTT TTAACTTTTT TTTTTCTTCC CCACTTTTAT CAATTAAATC 
-1640 ACTTGTATTT CTTCTTTTCA TTTATGAACA TTCACTTTTA ACTTTCTTTT AAATTTTCTT 
-1580 TATTAATTGA TTAAATAGTA TGTCTGCTGA TATATTTCTA AAATGTTTGA TATATATATA 
-1520 TACGTTTACT TTTATGTAAA AATGAATAAC AAAATTATAT GTACACAATT TCATAGTTTT 
-1460 TCCTTGGATA CCTATATAAA TTGTGAGAAA TAAATTACAG ATTTGTTGAA CTACATATTC 
-1400 TATCACAAAT TTATAGTTTA GTAACGAATA GTATATGTAA TAATTTTGAT AAAACAATAA 
-1340 TATATAATAA GTAAATTAAT AGTGCCTTAA ACTAAATGTT TTTCTAGATA AGCAGCTGCC 
-1280 TCCATCAAAG AGTTTTTACA TGGGGTTCTA ACTTCTAAAC AATCCTGTTT AAAGAATATG 
-1220 TTGAGAATTT ACATACCACT TTTGAGAATT CTATGGATGG AGATGTGAAA CTCGTTCCAT 
-1160 ATCTGGTATA TCCGTCACGT GAAGCTCATG ATTTTTGGAT AATCGATATG TGTAGGGCCC 
-1100 ACCACTATAT TTGACATTCA TATGGTTAGT AGTAAACTCC TTCCTTCTCC AACGACCAAA 
-1040 ACATCAATTC CACGAGGCAT TTTGGCAGGT GAAGTGTACC AATATTTTCA TTTGTAACCA 
 -980 AATTTGTTTA ATATATATTT TCACCCTTTT CAAATAAGTA GACTAAATAT CAAAAAGATT 
 -920 TTTGATGATA AAACATCTTA TACTTTTGCT TATCTCATTC TATTGTTTTG TACATCAATG 
 -860 TAATTCTGTT TATTTTGATG ATTAAGTAAA ACAATTATGT ACTTATGGTT TCAAATTAAT 
 -800 ATATCGAAAC AGATTTTTTA AACACTTACT CGACTATAAG AATTCGACAC ATATTTTACC 
 -740 AAAACAAAAT CGACATATTT TTAAAAGTAT CTGACACCCC TAATATCATA TAATTTCAAA 
 -680 TTTACACATT GTATAACGAT ATGAGATTTA CATAAAATAT TTTCATATAT TTGTTCATTT 
 -620 TAAGAGTTCA CACCACGGAT AAATTATCGA TATATAGGAA AGACTTGGCT ATAACTACAA 
 -560 AAAGCTGAAG GGACATTTAT TATTATCCCC CAAAAAAAGC AACATCATGT TCGTATTGAT 
 -500 TATTGAATAT GACATATTGT AGAGACGAAT CATTTATGAA GATAAATCAA ACGACCTACC 
 -440 AAAATAAGAT ATACTCAAAA GAGATATAAT GTAAGTTCAA TCAGTTAAAG CTACTATTAT 
 -380 GGCTCTGTTA GATATGAGAG TAGTGCTAAG ATAAAGAGAC TACCAATTCA TATTACCGAG 
 -320 AAAAAAAAAA ACTGTCTTGT TAGTTTAGAG TACATATATA ACACGAGGAT TTTTGGCAGG 
 -260 TCACCAACAA AATAATTTTA AAATATATTA TGAATGAATT ATTATACATG ATTATTATCT 
 -200 TTTATGTACA TTTTTTGAAA GTTAGCCCTA CAAAATTCAA AATATGGTGA CACTCCTCAC 
 -140 TAGAGACCAA GTTGGTCCAA CTCTAGCTAT ACCTTCCACA CTGCTTCCTC CCCCACCACA 
  -80 AAAGGGGTAC TATCGTCATT TCACACGTAC CTACCTGTAA TTAATGTGAC ATTATAAATA 
  -20 ACAACGTGAA AGAAGGATCC 
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Figure 3-6. Circadian fluctuations of JA and IG pathway transcripts in WT and myc2 seedlings.  
10-day-old wild-type (WT) and myc2 knockout seedlings were treated with mock MS medium (MS) or 
MS medium containing 100 µM MeJ and incubated for 3 hrs under the LL_LDHH condition before 
harvesting every 4 hrs over a 48 hrs time course. RNAs were analyzed on RT-PCR gel blots using 
primers and probes for the (A) MYC2, JA pathway ((B) CYP74A1, (C) AOC2, (D) CYP74B2) and IG 
pathway ((E) CYP79B3, (F) MYB34) transcripts. Two replicates have been performed and similar results 
have been obtained.  
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Table 3-1.  Microarray profiling of circadian-regulated P450s with known functions.  
P450 transcript levels of stress by defense signaling molecules (100 µM MeJ, 1 mM SA, 100 µM IAA and 50 µM ABA) (compared with same 
stage mock treated control) on 7-day-old seedlings. Dark blue highlight indicates induction (ratio>2.0), light blue indicates repression (ratio<0.5), 
and yellow indicates data from less than 4 out of 8 spots on microarray.  
 
  LL_L
DHH 
LL_L
DHC 
LL_L
LHC 
MeJ treat/hrs SA treat/hrs IAA treat/hrs ABA treat/hrs   
P450 ID AGI No. 1 3 6 30 3 6 30 3 6 24 3 6 24 Pathway 
CYP73A5 At2g30490 20 22 
 
1.14 1.14 0.82 1.03 1.11 1.27 1.39 1.53 0.73 0.89 1.77 1.43 1.71 phenylpropanoid initial 
CYP75B1 At5g07990 20 
  
0.83 1.80 0.46 1.20 0.46 ND ND ND 0.51 ND ND 0.76 ND phenylpropanoid/flavonol 
CYP84A1 At4g36220 1 
  
1.08 1.23 1.13 1.51 0.52 0.48 0.81 0.71 0.87 1.10 2.01 0.89 0.93 phenylpropanoid/lignin 
CYP98A3 At2g40890 21 23 22 ND ND ND ND 0.14 ND ND 2.36 0.77 1.34 2.55 2.98 3.62 phenylpropanoid/lignin 
CYP711A1 At2g26170 20 23 22 0.95 1.34 0.85 0.91 1.92 1.81 1.50 1.02 0.85 1.14 1.52 0.94 0.61 flavonoid 
CYP97A3 At1g31800 14 
 
19 1.09 0.98 0.73 0.88 0.94 0.91 0.61 1.02 1.06 0.88 1.07 0.91 0.79 carotenoid 
CYP97B3 At4g15110 13 
 
20 2.90 6.43 7.21 3.78 0.90 0.52 0.49 1.00 0.79 0.71 1.79 1.08 1.09 carotenoid 
CYP97C1 At3g53130 
 
16 
 
1.02 0.87 0.74 0.83 0.56 0.68 0.51 0.72 0.77 0.54 0.40 0.32 0.32 carotenoid 
CYP74A1 At5g42650 19 
 
22 17.44 16.38 15.34 11.20 0.48 0.60 0.55 0.93 1.23 1.37 0.77 1.56 1.95 oxylipin 
CYP74B2 At4g15440 15 
 
17 6.40 10.49 9.31 4.66 ND ND ND ND 1.27 ND ND ND ND oxylipin 
CYP79F1 At1g16410 
  
1 3.15 1.67 1.95 2.99 0.17 0.57 0.55 0.55 0.85 0.92 0.34 0.81 1.32 aliphatic glucosinolate 
CYP79F2 At1g16400 
  
1 2.27 1.32 1.12 1.36 0.83 0.82 0.43 0.22 0.37 0.63 0.09 0.14 0.21 aliphatic glucosinolate 
CYP83A1 At4g13770 
  
22 1.59 1.25 1.27 1.33 0.29 0.56 0.43 0.43 0.69 0.84 0.20 0.39 0.52 aliphatic glucosinolate 
CYP79B2 At4g39950 
 
23 
 
4.59 5.56 3.20 2.55 0.43 0.99 0.66 0.46 0.55 1.17 0.56 1.24 2.89 indole glucosinolate 
CYP79B3 At2g22330 0 23 
 
4.57 4.58 2.82 1.74 0.40 0.87 0.44 0.34 0.27 0.93 0.30 1.08 1.54 indole glucosinolate 
CYP83B1 At4g31500 
   
5.52 3.83 2.48 1.74 1.13 2.01 1.42 0.73 1.08 1.27 0.31 0.94 1.36 indole glucosinolate 
CYP81F3 At4g37400 0 
  
4.07 6.01 1.36 ND 0.48 0.40 ND 0.91 0.93 ND 0.23 ND ND glucosinolate 
CYP85A2 At3g30180 1 
  
1.03 0.87 0.70 0.88 0.88 1.24 0.90 2.06 2.71 3.41 1.74 2.00 6.80 brassinolide 
CYP90A1 At5g05690 5 8 9 0.69 0.93 0.92 0.95 0.83 0.82 0.59 0.80 1.12 1.03 0.87 0.63 0.59 brassinolide 
CYP90B1 At3g50660 
 
12 8 0.99 0.85 0.81 1.45 1.14 2.05 1.88 1.80 2.62 3.02 0.94 2.56 4.50 brassinolide 
CYP90C1 At4g36380 3 
 
6 1.43 0.85 1.49 1.49 0.45 0.83 1.00 0.46 0.75 1.05 0.49 0.98 1.10 brassinolide 
CYP734A1 At2g26710 5 
 
6 ND 1.36 0.92 1.01 1.12 0.81 0.46 2.61 5.78 3.93 0.11 0.06 0.15 brassinosteroids degradation 
CYP707A4 At3g19270 7 
  
ND ND ND ND 3.23 ND 2.96 19.50 ND ND 26.67 23.20 21.28 ABA degradation  
CYP701A3 At5g25900 3 
 
7 1.01 1.74 1.14 1.53 1.36 0.96 0.66 1.19 1.02 1.13 1.04 0.71 1.57 gibberellin 
CYP77A6 At3g10570 19 
  
0.71 ND ND ND 1.36 ND ND ND ND ND ND ND ND fatty acid 
CYP86A7 At1g63710 
  
3 ND ND ND ND 0.70 ND ND ND ND ND ND ND ND fatty acid 
CYP86B1 At5g23190 
 
4 
 
0.87 0.28 0.43 ND 2.09 1.98 0.31 3.42 2.28 ND 5.63 4.52 1.22 fatty acid 
CYP94B2 At3g01900 
   
5.22 ND 6.26 ND 1.58 ND ND ND ND ND ND ND ND fatty acid 
CYP96A4 At5g52320 16 17 21 4.58 ND ND ND 3.39 ND ND ND 1.51 ND ND ND ND fatty acid 
CYP51G1 At1g11680 1 1 
 
1.04 0.89 0.70 0.83 0.72 0.79 0.63 0.73 1.00 1.00 0.63 0.67 0.63 sterols/steroids 
CYP51G2 At2g17330 5 5 
 
3.99 8.19 9.12 4.57 2.43 ND ND ND ND ND ND ND ND sterols/steroids 
CYP710A2 At2g34490 20 19 23 2.38 2.61 1.79 1.95 0.47 0.65 0.91 0.34 0.59 0.80 0.42 1.14 1.37 sterols 
CYP71A13 At2g30770 
 
2 
 
ND ND 2.03 ND 7.61 2.77 1.34 ND ND ND ND ND ND camalexin 
CYP82C4 At4g31940  4  ND ND ND ND 1.78 ND 0.00 ND ND ND ND ND ND 8-methoxypsoralen 
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Table 3-2.  Microarray profiling of circadian fluctuation and MeJ induction of transcripts in the JA 
and IG pathways.  
The circadian phasing is for 7-day-old wild-type seedling (Michael et al., 2008). The transcript level data 
is for 4-week-old soil-grown plants wild-type were treated with mock (MS) or 0.1 µM MeJ for 6 hr 
(Dombrecht et al., 2007). 
Jasmonate Pathway                 Circadian Phasing Transcript Level Ratio 
Name AGI No. LL_LDHH LL_LDHC LL_LLHC MS MeJ MeJ/MS 
LOX1 At1g55020 22   79.59 93.30 1.17 
LOX2 At3g45140   18 1781.67 8030.67 4.51 
LOX3 At1g17420  16  21.23 53.24 2.51 
CYP74A1 At5g42650 19  22 550.97 2767.67 5.02 
AOC1 At3g25760  13  2911.00 7996.00 2.75 
AOC2 At3g25770  13  NA NA NA 
AOC4 At1g13280 7 13  248.03 534.20 2.15 
OPR At1g18020 2 6 6 NA NA NA 
OPR3 At2g06050 13 15 17 354.07 1825.00 5.15 
JMT At1g19640 20  0 12.23 16.86 1.38 
CYP74B2 At4g15440 15   17 46.93 410.03 8.74 
Indole Glucosinolate Pathway Circadian Phasing      Transcript Level Ratio 
Name AGI No. LL_LDHH LL_LDHC LL_LLHC MS MeJ MeJ/MS 
CYP79B2 At4g39950  23  281.00 696.07 2.48 
CYP79B3 At2g22330 0 23  236.57 565.73 2.39 
CYP83B1 At4g31500    527.03 955.10 1.81 
SUR1 At2g20610 19  22 399.10 630.50 1.58 
UGT At1g24100 19  21 525.93 829.03 1.58 
DST At1g74100     22 562.27 1033.13 1.84 
NA: not available 
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Table 3-3. Elements over-represented in 1 kb promoters of genes in JA and IG pathways.  
The numbers in the columns of circadian condition LL_LDHC are the phasings of corresponding genes 
(using a cut-off at 0.7). EE and CBS elements presented in 2 kb upstream are highlighted in the list.  
 
Name AGI 
LL_ 
LDHC EE/CBS 
Elements over-
represented in 2kb 
Oxylipin pathway 
Lipoxygenase LOX1 AT1G55020 23 
 
EE 
JA1 
TRP1 
MYC2-1 
MYC2-2 
MYC2-3 
MYB4 
JA2 
RAV1-A 
AG/AP1 BS IN SUP 
MYB 
GATA[LRE] 
Lipoxygenase LOX2 AT3G45140 17 
 Lipoxygenase LOX3 AT1G17420 16 EE 
allene oxide synthase 
AOS/ 
CYP74A1 AT5G42650 15 EE 
allene oxide cyclase 1 AOC1 AT3G25760 13 
 allene oxide cyclase 2 AOC2 AT3G25770 13 EE 
allene oxide cyclase 4 AOC4 AT1G13280 13 
 12-oxophytodienoate 
reductase OPR AT1G18020 6 
 12-oxophytodienoate 
reductase OPR3 AT2G06050 15 EE 
JA carboxyl 
methyltransferase JMT AT1G19640 23 EE 
hydroperoxide lyase 
HPL/ 
CYP74B2 AT4G15440 17 CBS 
 Indole glucosinolate pathway 
Monooxygenase CYP79B2 AT4G39950 23 CBS(2)   EE 
CBS 
TRP1 
TRP2 
MYC2-2 
EE 
MYB 
 
Monooxygenase CYP79B3 AT2G22330 23 CBS(2) 
Monooxygenase CYP83B1 AT4G31500 20 
 alkylthiohydroximate  
C-S lyase SUR1 AT2G20610 22 
 UDP glycosyltransferase UGT AT1G24100 20 CBS(3) 
desulfoglucosinolate 
sulfotransferase DST AT1G74100 21 
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Table 3-4.  MeJ induction of different pathways in wild-type and myc2 knockout plants. 
Wild-type and myc2 knockout 4-week-old plants were treated with 0.1 µM MeJ for 6 hr (Dombrecht et al., 
2007). Green indicates negatively regulated by MYC2, red indicates positively regulated by MYC2. 
AGI code Name 
Col-0  
mock 
Col-0 
MeJA 
MeJ/Mock 
Ratio 
myc2  
mock 
myc2 
MeJA 
MeJ/Mock 
Ratio 
Oxylipin Pathway 
     At1g55020 LOX1 79.59 93.30 1.17 75.22 108.77 1.45 
At3g45140 LOX2 1781.67 8030.67 4.51 1919.33 6951.33 3.62 
At1g17420 LOX3 21.23 53.24 2.51 24.45 47.64 1.95 
At5g42650 CYP74A1 550.97 2767.67 5.02 545.17 2076.33 3.81 
At3g25760 AOC1 2911.00 7996.00 2.75 2675.00 8261.67 3.09 
At3g25780 AOC3 14.47 22.04 1.52 13.49 22.23 1.65 
At1g13280 AOC4 248.03 534.20 2.15 244.17 344.57 1.41 
At2g06050 OPR3 354.07 1825.00 5.15 373.07 1315.00 3.52 
At1g19640 JMT 12.23 16.86 1.38 12.66 17.52 1.38 
At4g15440 CYP74B2 46.93 410.03 8.74 42.66 301.47 7.07 
Aliphatic Glucosinolate Pathway 
     At1g16410 CYP79F2 215.80 362.13 1.68 205.10 343.23 1.67 
At4g13770 CYP83A1 1461.67 2043.33 1.40 1424.67 1954.00 1.37 
At1g18590 ST1 203.40 342.20 1.68 207.57 417.83 2.01 
At1g74090 ST2 716.50 1208.00 1.69 782.00 1274.67 1.63 
At4g03060 AOP2 174.67 320.83 1.84 184.93 277.33 1.50 
Indole Glucosinolate Pathway 
     At5g60890 MYB34 130.77 167.90 1.28 121.48 118.63 0.98 
At1g18570 MYB51 53.14 66.16 1.24 52.91 118.23 2.23 
At4g39950 CYP79B2 281.00 696.07 2.48 254.17 778.67 3.06 
At2g22330 CYP79B3 236.57 565.73 2.39 209.03 679.13 3.25 
At4g31500 CYP83B1 527.03 955.10 1.81 576.17 1722.67 2.99 
At2g20610 SUR1 399.10 630.50 1.58 411.00 709.63 1.73 
At1g24100 UGT 525.93 829.03 1.58 555.43 982.07 1.77 
At1g74100 DST 562.27 1033.13 1.84 582.77 1530.33 2.63 
At4g39980 DHS1 929.87 2463.00 2.65 975.97 2334.33 2.39 
At5g05730 ASA1 430.17 887.87 2.06 427.30 1291.33 3.02 
Phenylpropanoid Pathway 
     At2g37040 PAL1 139.00 190.60 1.37 135.27 140.70 1.04 
At3g53260 PAL2 628.37 554.90 0.88 587.37 535.77 0.91 
At1g20490 CL 18.86 25.62 1.36 18.79 22.46 1.20 
At3g51240 F3H 32.53 44.89 1.38 36.73 40.21 1.09 
At5g07990 CYP75B1 29.11 33.39 1.15 30.52 32.83 1.08 
At3g19010 FS 245.03 394.20 1.61 252.47 413.13 1.64 
At4g01070 F3OG2 129.30 211.20 1.63 123.49 164.90 1.34 
At5g54060 F3OG3 42.33 58.94 1.39 42.70 45.72 1.07 
At5g42800 DFR 21.41 33.04 1.54 22.30 25.54 1.15 
At4g22870 ANS 19.90 44.18 2.22 18.68 30.80 1.65 
At5g48930 CST 620.53 514.10 0.83 628.50 574.83 0.91 
At1g15950 CCR1 340.47 414.20 1.22 344.73 356.17 1.03 
At4g34230 CAD5 152.93 221.80 1.45 163.17 323.10 1.98 
Auxin Pathway 
     At2g30750 CYP71A12 14.01 16.12 1.15 14.38 27.12 1.89 
At2g30770 CYP71A13 15.26 15.06 0.99 17.89 23.20 1.30 
At3g44300 NIT2 3055.67 4184.67 1.37 3114.33 3556.00 1.14 
At3g44320 NIT3 39.01 74.81 1.92 40.19 58.76 1.46 
At5g22300 NIT4 84.64 120.31 1.42 94.16 257.13 2.73 
At3g54640 TSA1 296.60 552.20 1.86 327.70 991.60 3.03 
At1g04180 FMO 15.13 15.17 1.00 14.73 13.34 0.91 
At5g07360 amidase 84.39 86.24 1.02 74.71 96.57 1.29 
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Supplementary Figure S3-1. Definition for circadian phase, period, amplitude and precision.  
This graph is adapted from Hanano et al. (2006). 
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Supplementary Figure S3-2. Expression Anatomy of CYP74A1 and CYP79B3.  
The microarray data from Genevestigator suggests that full-length transcripts of CYP74A1 and CYP79B3 
genes both have intense expression in vegetative tissues including hypocotyls, seedlings, roots and leaves. 
 
 
CYP79B3 CYP74A1 
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Supplementary Figure S3-3. Differentiated responses of LOX and OPR isoforms to MeJ treatments.  
10-day-old wild-type (WT) and myc2 knockout seedlings were treated with mock MS medium (MS) or 
MS medium containing 100 µM MeJ and incubated for 3 hrs under the LL_LDHH condition before 
harvesting every 4 hrs over a 48 hrs time course. RNAs were analyzed on RT-PCR gel blots for the 
transcripts (A) LOX1 and LOX2, and (B) OPR and OPR3. 
 
LOX2 
MS MeJ 
   time/hr                   0     4    8   12   16   20   24  28   32  36   40   44           0    4     8   12   16   20   24   28  32   36   40  44 
A 
B 
LOX1 
OPR 
OPR3 
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Supplementary Table S3-1. Primers used for RT-PCR gel blot analyses.  
75B1F GACTCGGGTCGGGTTAAAAT 
75B1R TGATTTGGCGTTACACGTTC 
CYP79B3F ACGTGTCGAGCTTATGGA 
CYP79B3R CCGAAAAGGCTATTCTGTAA 
AOC2-For CTGGTGGTGCTGGAATCTTT 
AOC2-Rev TCTATGTCCTTAGACGGCGG 
LOX1-For CCATCACAGCTCAGCTTCAG 
LOX1-Rev GTCTCGTCGTCGTTCCTCTC  
LOX2-For TAGTGATGGTCACGTTGGATC 
LOX2-Rev ATAGGAGACAAAGGAGCATTTG 
OPR-For CTCGCCATTTGCAGATTACA 
OPR-Rev GATCGGTTCTTCCCTCTTCC 
OPR3-For TGAAGAGCTTGAGGATGGCT 
OPR3-Rev TTATCAAACTCAGAGGCGGG 
JMT-For GCTAGTGGCCGAAGAGTGTC 
JMT-Rev ATAACACGATCAACCGGCTC 
CYP74A1-F TTGTGAGTAGCTTCTTCTCGTGAGATAC 
CYP74A1-R AGAAGAACCTCTCATCCATACATTTAGTC 
CYP74B2RT-5' AATCCGTGGTTTACGAAACG 
CYP74B2RT-3' TCATCACAAGCGGCTGATAAC  
84A1F GGGGTTTGGTATGGTGAAAA 
84A1R GGCAAACAAAGAGCCAAATC   
CCA1-For  CAGGATTTCTTGGAATCGGA 
CCA1-Rev  GAAGCTTGAGTTTCCAACCG 
DFR-RT-For CAGTTCCAAGAAGCTGACGG 
DFR-RT-Rev GGTACGATAATGAAACCGGGAG 
MYB34-For TACATATTCCGGCTTCTCCG 
MYB34-Rev CTCCGGCGAATTTTCAATAA 
MYC2-For CCAGCTCGAGGAAGTGAAAC 
MYC2-Rev AACTCCAAATCCATCAACGC  
98A3-F TTGACCGGATCTTAACCGAG 
98A3-R GAACGTTTGATCCTTTGGGA 
oligo-dT CGGAATTCTTTTTTTTTTTTTTTTT 
UBQ10-5’ CTTGGTCCTGCGTCTTCGTGGTGGTTTC 
UBQ10-3’ CGACTTGTCATTAGAAAGAAAGAGATAACAGG 
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Chapter 4. Characterization of MYC transcription factors that regulate jasmonate 
responses in Arabidopsis 
4.1 Abstract  
Analyses of myc2 knockout plants inactivated for this bHLH transcription factor have 
shown that the methyl jasmonate (MeJ) responses of these pathways are only moderately 
reduced in this mutant. This suggests that there are transcription factors other than MYC2 
mediating MeJ responses of these pathways. Characterization of plants containing mutations in 
three closely related genes (MYC3, MYC4 and MYC5) have indicated overlapping roles of these 
genes. The differential responses to MeJ inductions of MYC and other jasmonate (JA)-
responsive trancripts in these mutants have indicated their distinct roles in JA signaling 
regulation. MYC2, MYC3 and MYC4 can bind to G-box/G-box variants through the basic 
region in their bHLH domains, while MYC5 cannot. Homology modeling suggests that MYC5 
may not be able to form homo- or hetero-dimers because of a phenylalanine residue within the 
bZIP region which is critical for protein-protein interaction.  
4.2 Introduction 
 Jasmonic acid (JA) and its derivatives are acyclic or cyclic oxidation molecules derived 
from polyunsaturated fatty acids that are capable of modulating many plant defenses and 
developmental events including wound responses, defense to pathogens or insects, secondary 
metabolism, and flower development and fertility (Creelman and Mullet, 1997; Cheong and Choi, 
2003). JAs have been considered as important integrators of many developmental and stress 
signals to modulate the plant to grow or to defend. The JA-mediated responses are dependent on 
COI1, an F-box protein which interacts with SKP1 and CULLIN1 to assemble a functional 
SCFCOI1 ubiquitin liagse complex (Feys et al., 1994; Xie et al., 1998; Xu et al., 2002). A family 
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of twelve JA ZIM domain proteins (JAZ1-JAZ12) was identified as the target of SCFCOI1 for 
degradation by 26S proteasomes during JA signaling (Chini et al., 2007; Thines et al., 2007). 
Upon elicitation by exogenous or endogenous signals, (+)-7-iso-jasmonoyl-l-isoleucine (JA-Ile) 
synthesized by JAR1, instead of most other JA derivatives, is perceived by the SCFCOI1-JAZ 
complex (Thines et al., 2007; Fonseca et al., 2009; Wasternack and Kombrink, 2010).  
MYC2 is a transcription factor that has been known to interact directly with JAZ 
repressor proteins and activate the expression of many early JA-responsive genes including 
LOX3, AOS, AOC2 in the JA synthesis pathway, as well as itself and several JAZ genes 
(Lorenzo et al., 2004; Dombrecht et al., 2007). The myc2/jin1 mutants were identified by the 
screening for JA-insensitive Arabidopsis exhibiting reduced sensitivity to JA-mediated root 
growth inhibition, a typical JA-resistant phenotype (Berger et al., 1996; Lorenzo et al., 2004). 
However, MYC2 cannot be the only transcription factor regulating JA responses since myc2/jin1 
mutants do not show a complete loss of JA sensitivity (Dombrecht et al., 2007).  
The products of closely-related genes, MYC3 and MYC4, have been reported to act 
additively with MYC2 in the activation of JA responses (Fernandez-Calvo et al., 2011; Niu et al., 
2011). Mediator25 (MED25), a subunit of the eukaryotic Mediator, has been found to act as a 
bridge between RNA polymerase II complex and MYC2, MYC3 or MYC4, to positively 
regulate the JA-responsive gene expression in Arabidopsis (Cevik et al., 2012). In addition, there 
is evidence that MYC2, MYC3 and MYC4 can form homo- and heterodimers in planta 
(Fernandez-Calvo et al., 2011). Yeast two-hybrid and co-purification experiments have shown 
that MYC2, MYC3 and MYC4 can directly interact with most of the JAZ proteins (Fernandez-
Calvo et al., 2011; Niu et al., 2011; Cheng et al., 2011). The dominant mutation of MYC3 atr2D 
has been reported to activate several stress responsive genes including tryptophan biosynthetic 
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genes (Smolen et al., 2002). Overexpression of MYC3 with a mutation in the JAZ-interaction 
domain, but not the wild-type MYC3, causes a phenotype of smaller size, dart pigmentation and 
sterility in plants (Smolen et al., 2002). This result suggested that MYC3 may play a role in 
regulation of plant fertility and anthocyanin accumulation.  
It is noteworthy that in the previous publications MYC5 shows no interaction with JAZ 
proteins in yeast two-hybrid assays (Fernandez-Calvo et al., 2011). Although this raises the 
possibility that MYC5 may not be involved in JA regulation, GUS activity assays have 
demonstrated that MYC5 as well as the other MYCs can activate the JAZ2 promoter in carrot 
protoplasts (Figueroa and Browse, 2012). Together, these experiments suggest that the MYC 
proteins may have some functional redundancy in regulation of JA-responses and some 
distinguishable functions in other biological processes.  
The MYC2 protein is synonymous with RD22BP1 (Abe et al., 1997), RAP-1 (de Pater et 
al., 1997), AtbHLH006 (Toledo-Ortiz et al., 2003), and ZBF1 (Yadav et al., 2005), that have 
been described as having roles in ABA, SA, light and blue light signaling networks, respectively. 
Much evidence has revealed that MYC2 is the key regulator of crosstalk in abiotic and biotic 
stress responses and in light signaling pathways via hormone signaling pathways, including 
abscisic acid (ABA), JA, ethylene, and salicylic acid (SA) (Fujita et al. 2009). For example, 
MYC2 in cooperation with a R2R3-type MYB transcription factor (MYB2), activates the 
dehydration- and ABA-inducible expression of the RD22 gene. Transgenic Arabidopsis plants 
that overexpress both MYC2 and MYB2 exhibit greater sensitivity to ABA and enhanced 
osmotic stress tolerance than wild-type (Abe et al., 1997, 2003). MYC2 also regulates the SA 
pathway through a transcription regulating cascade. It has been reported that the induction of two 
homologous NAC transcription factor genes (ANAC019 and ANAC055) by MeJ was dependent 
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on MYC2 (Bu et al., 2008). A newer study shows that the expressions of these NAC genes, 
which directly regulate SA biosynthesis, are activated by direct interaction with MYC2 (Zheng 
et al., 2012).  
MYC2 has been reported to bind with G-Box (CACGTG) and G-Box-related elements 
(Abe et al., 1997; de Pater et al., 1997; Yadav et al., 2005; Dombrecht et al., 2007). G-box 
binding motif has been implicated involved in a wide range of gene expression mechanisms in 
plants (Menkens et al., 1995).   
To better understand the roles of these Arabidopsis MYC proteins playing in JA 
responses, the mutants of myc genes were characterized with MeJ treatments. The differential 
responses to MeJ inductions of many jasmonate (JA)-responsive trancripts in these myc mutants 
have indicated their distinct roles in JA signaling regulation. Electrophoretic mobility shift 
assays (EMSA) have comfirmed that MYC2, MYC3 and MYC4 can bind to G-box/G-box 
variants through the bHLH domains, while MYC5 cannot. Homology modeling result shows that 
MYC5 may not be able to form homo- or hetero-dimers because of a phenylalanine in its bZIP 
region.  
4.3 Material and Methods 
Plant materials and growth conditions 
All mutants are in the Col-0 background of Arabidopsis. The following mutants were 
obtained from the Arabidopsis Biological Resource Center (ABRC: http://abrc.osu.edu/): 
myc2/jin1-9 (SALK_017005), myc3 (SALK_048028C), myc4D (SALK_052158C) and myc5 
(SALK_060048C). Seeds were sterilized and grown for 10 d before harvested as described in 
Chapter 2. F1 segregating progenies of each line were genotyped for plants homozygous for each 
gene. F2 progenies were genotyped again for non-segregation to confirm of homozygousity. 
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Double mutants myc2 myc3, myc2 myc4D, myc2 myc5, myc3 myc4D and myc4D myc5 
were generated by crossing the corresponding parental single mutant homozygous lines. F2 
segregating progenies of these crosses were genotyped for plants homozygous for each gene. F3 
progenies were genotyped again for non-segregation to confirm of homozygousity. 
Genotyping of T-DNA mutants 
Total DNA was extracted from leaves of 4-week-old plant using extraction buffer (0.4 M 
urea, 0.3 M NaCl, 50 mM Tris-HCL (pH 8.0), 20 mM EDTA, 1% SDS). PCR analysis of 
individual genes was carried out by amplifying approximately 100 ng of DNA from each sample 
in 20 uL reactions containing 50 mM KCl, 10 mM Tris-HCl (pH 8.4), 200 mM each dNTP, 40 
pmol of each 5’ and 3’ gene-specific primer, and 1 U GoTaq polymerase (Promega). Primer 
sequences are listed in Supplementary Table S4-2.  
Thermal asymmetric interlaced PCR (TAIL-PCR) were performed using degenerate 
primers (AD1, AD2, AD3, AD5 and AD6) and LB- and RB-specific primers as in 
Supplementary Table S4-2. The reaction conditions and thermal cycling settings were as 
described by Liu et al. (1995). Amplified products from primary, secondary and tertiary PCR 
reactions were analyzed by agarose gel electrophoresis. The products from the tertiary PCR 
reactions were sequenced in Core DNA Sequencing Facility (University of Illinois). 
DNA constructs and protein expression 
Full length MYC2, MYC3, MYC4 and MYC5, C-terminus of MYC2 (residues 399-623), 
MYC3 (residues 373-592), MYC4 (residues 332-589) and MYC5 (residues 320-511), and N-
terminus of MYC4 (residues 1-331) with a His6 tag on the N-terminus were PCR amplified using 
primers listed in Supplementary Table S4-2 and cloned into the NcoI-NdeI sites of the pET28a. 
And the constructs were transformed into E.coli strain BL21 (DE3) (Novagen), expressed at 
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37°C for 2-6 hrs with shaking (180 rpm), and purified with affinity beads of Ni-NTA agarose 
(QIAGEN), as described in the manufacturer’s manuals. Total protein concentrations were 
determined by Bradford protein assay (Zor and Selinger, 1996). Protein gel blot analysis was 
used to assess the purity of His-tag fusion proteins in each extract, and Bradford assay was 
applied to estimate the amount of the purified proteins.  
Electrophoretic mobility shift assays (EMSA) 
 These assays were conducted as described in Chapter 3.   
Molecular phylogenetic analysis 
 Alignment of MYC2, MYC3, MYC4 and MYC5 from Arabidopsis were performed using 
an online multiple alignment tool with ClustalW algorithm (http://workbench.sdsc.edu) with 
default parameters and blosum matrix.  
Pollen germination assays 
Freshly collected pollen was incubated in germination medium (10% sucrose, 0.01% 
boric acid, 3 mM calcium nitrate) overnight at room temperature and then analyzed for pollen 
tube formation using a light microscope (Zeiss Axiovert 200M equipped with an HBO100 UV 
light source). For pollination assays, mature carpel tissues from one- or two-day-old flowers after 
flowering were fixed in 250 uL 10% acetic acid in ethanol for 1.5 hr. The tissues were soften in 1 
M NaOH overnight and washed 3 times with 50mM KPO4 buffer (50% glycerol) before staining 
with 0.01% decolorized aniline blue in KPO4 buffer for 1-2 hr.  Observation was performed with 
the microscope with a UV filter (set Zeiss #49: excitation maximum 365 nm, emission band 
width 20 nm centered maximum 445 to 450 nm).            
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Homology modeling  
 The MYC amino acid sequences were aligned with proteins containing bHLH domain 
that have X-ray crystal structures available in the RCSB Protein Data Bank (PDB) 
(http://www.rcsb.org/pdb/home/home.do). Mixed structural and sequence alignments were 
performed using the ALIGN facility in MOE (version 2011; Chemical Computing Group, 
Montreal, Canada). The PDB database was searched for the bHLH family proteins regardless of 
their biological and structural differences. The entries with the highest protein sequence identity 
with MYC2 protein were listed in the Supplementary Table S4-1, and their sequences were 
aligned and compared with the Arabidopsis MYC proteins. The structure of the bHLH domain of 
the human MYC protein from human (PDB: 1NKP) was used as template for the homology 
modeling of the MYC2, MYC3, MYC4 and MYC5 bHLH domains.                                              
4.4 Results 
Expression patterns of MYC transcripts  
To gain further insight into the expression patterns of MYC transcripts, I analyzed their 
expression levels using the microarray data on Genevestigator database (Hruz et al., 2008, 2011; 
https://www.genevestigator.com/) (Fig. 4-1A). MYC2 transcript was highly expressed in root, 
shoot, seedling and carpel. Both MYC3 and MYC4 were strongly expressed in aerial parts of 
young seedlings. MYC3 was expressed in tissues of the hypocotyls, leaves and seeds, whereas 
MYC4 was preferentially expressed in the hypococtyls, stems and pericarp. Similarly, both of 
them were expressed in developing roots, with MYC4 preferentially expressed in lateral roots. 
The expression of MYC5 was constitutively low, except in pollen and sperm cell in cell culture 
(Fig. 4-1A and Supplementary Fig. S4-1). During different developmental stages, MYC2 and 
MYC3 were constitutively and universally expressed from seed germination to siliques. MYC4 
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showed increased expression during rosette and flower development. The MYC5 expression 
only increased in the seed, while the expressions of the other three MYC expressions decreased 
dramatically in the seed (Fig. 4-1B).  
Similar analyses of MYC expression profiles in response to various stimuli on 
Genevestigator indicated that MYC2 was strongly induced by MeJ, and slightly induced by ABA, 
Pseudomonas syringae and Botrytis cinerea, and repressed by powdery mildew (G. 
Cichoracearum) infection. In addition, it was highly responsive to multiple stress stimuli such as 
salt, drought, osmotic, and wound, and its transcript level was especially increased in root tissues 
(Fig. 4-1C). In contrast, MYC3 was slightly induced by MeJ and pathogen elicitors, such as 
Pseudomonas syringae, Botrytis cinerea and powdery mildew, and repressed by cold, salt, 
wound and heat in shoot tissues (Fig. 4-1C). MYC4 was not responsive to MeJ, but was 
repressed in plants under osmatic, salt, wound and heat abiotic stresses, and repressed by 
Pseudomonas syringae, and Botrytis cinerea, but induced by powdery mildew (Fig. 4-1C). In 
these earlier microarray studies MYC5 displayed no obvious response to any plant hormones or 
pathogens (Fig. 4-1C) and in my RT-PCR gel blots was not increased by MeJ, SA, ABA or IAA 
treatments (data not shown). Additional microarray datasets suggested that its transcription 
increased under salt, osmotic and drought treatments in the shoot tissue (Fig. 4-1C). 
Sequence comparison of MYC proteins 
MYC2, MYC3, MYC4, and MYC5 belong to the subgroup IIIe of bHLH proteins 
(Toledo-Ortiz et al., 2003). They all have JAZ interaction domains (JID) near their N-termini, 
but MYC5 has multiple differences from other JIDs in MYC2, MYC3 and MYC4 (Fig. 4-2). All 
of them also include canonical bHLH domains on their C-terminal, consisting of about 18 
hydrophilic and basic amino acids followed by two regions of hydrophobic residues predicted to 
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form α-helices separated by an intervening loop (Fig. 4-2). Comparisons among these proteins 
indicate that the JID and bHLH domains are highly conserved among MYC2, MYC3 and MYC4 
proteins (Fig. 4-2) and have several non-conservative changes in functional groups in the MYC5 
protein (Fig. 4-2). This may lead to altered binding activities for the MYC5 proteins.  
Phenotypic characterization of MYC single and double mutants 
The T-DNA insertion mutants myc2/jin1-9 (SALK_017005); myc3 (SALK_048028C); 
myc4D (SALK_052158C) and myc5 (SALK_060048C) were obtained from ABRC, and double 
mutants myc2 myc3, myc2 myc4D, myc2 myc5, myc3 myc4D and myc4D myc5 were generated by 
crossing the corresponding single mutant homozygous lines. The mutant myc2/jin1-9 has a T-
DNA insertion close to the 3’ terminus in its single exon (+959 bp downstream of the translation 
start site ATG), and myc2-1 has an insertion close to the 5’ end (+52 bp) (Fig.4-2A). In contrast, 
the myc3 and myc4D muatants have insertions in their proximal promoter regions (-349 bp and -
343 bp respectively). The myc5 mutant has an insertion in the middle of the coding region (+706 
bp) (Fig. 4-3A). PCR genotyping and thermal asymmetric interlaced PCR (TAIL-PCR) 
confirmed the homozygosity and positions T-DNA insertions in these lines (data not shown). 
RT-PCR gel blots using either gene fragments or full-length genes as probe were performed to 
define the transcript levels of these genes in each of the lines (Fig. 4-3B). This analysis 
confirmed that myc2/jin1 and myc5 are knockout lines, that the T-DNA insertion in the MYC3 
promoter did not affect its transcript levels and that the T-DNA insertion in the MYC4 promoter 
actually creates an overexpression line (Fig. 4-3B).  
There is no phenotype for any of the singal mutant myc2/jin1, myc3, myc4 or myc5 plants, 
nor most of the double mutant myc2 myc3, myc2 myc4D, myc2 myc5, myc3 myc4D or myc4D 
myc5 plants, comparing to the wild-type plants. Interestingly, a few but not all of the double 
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mutant myc2 myc4 plants, from the cross of myc2 knockout and myc4D overexpression single 
mutants, show a growth phenotype of mature slower, smaller leaves, shorter stamen, less pollen 
production, small and empty silique (Figs. 4-3A-F). The cross-fertilization experiment between 
wild-type and myc2 myc4 flowers revealed male sterility in these double mutants with wild-type 
pollens partially rescuing the silique phenotype of myc2 myc4 mutants and the pollen failing to 
fertilize wild-type egg cells (data not shown). Importantly, the number of pollen grains in the 
mutant flowers was much less than in the wild-type (pollen density ratio < 1:50, Fig. 4-4G). And, 
the mutant pollen could not germinate in vitro or in vivo (Figs. 4-4H, I). Strikingly, among all the 
double mutant plants, only 1 out of 14, 3 out of 21 (2 batches: 3 out of 10 and 0 out of 11) and 3 
out of 121 plants showed these phenotypes in F3, F4 and F5 generations respectively. PCR, 
southern blot and TAIL-PCR with sequencing confirmed that all of the myc2 myc4 double 
mutants have only T-DNA insertions in the MYC2 and MYC4 genes, leading to no expression of 
the MYC2 gene and overexpression of the MYC4 gene (Supplementary Fig. 4-2). Though the 
genotype is the same for all myc2 myc4 mutants in the F3, F4 and F5 generations (samples 1-8 in 
Supplementary Figs. S4-2A, B), only a small proportion of these double mutant plants have the 
dwarf and male sterility phenotypes (samples 1-3 in Supplementary Figs. S4-2A, B), which is 
similar to the phenotypes of many JA-deficient mutants including opr3, dad1, aos (Stintzi and 
Browse, 2000; Inshiguro et al., 2001; Park et al., 2002). This unusual divergence in phenotypes 
of myc2 myc4 hints an epigenetic regulation in controlling the phenotypes of these plants. But it 
remains to be elucidated how this regulation works in these plants with same genotype. In 
particular, in contrast to opr3, dad1, aos knockout plants, the short and empty silique phenotype 
of these myc2 myc4 double mutants cannot be rescued by exogenously applied OPDA, JA or 
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MeJ (Fig. 4-4J), which suggests the phenotype is caused by a deficient in the JA signaling 
instead of the JA-synthesis.   
On the other hand, myc2 single mutation caused an insensitivity to MeJ treatments (10 
µM and 100 µM) of the 10-day-old seedlings (Supplementary Fig. S4-3). The root elongation and 
the aerial part growth of myc2 were only slightly inhibited by MeJ, while the growth of wild-type 
seedlings was severely inhibited. Despite the male sterility of these few myc2 myc4 double 
mutants, neither any of the other single mutant seedlings (myc3, myc4 or myc5) nor the double 
mutant seedlings (myc2 myc3, myc2 myc4D, myc2 myc5, myc3 myc4D or myc4D myc5) showed 
any defects in their JA responses. The root elongation and aerial growth of these mutant 
seedlings of were inhibited by MeJ treatments, which were comparable to the response of wild-
type seedlings (Supplementary Fig. S4-3). This observation suggests that the expression patterns 
of these MYC family members might compensate for one another in the JA signaling pathway.  
Expression patterns of MYC genes in the JA responses 
To investigate how each MYC gene responds to MeJ treatment in the different mutant 
lines, MYC transcript levels in 10-day-old wild-type (WT) and mutant seedlings treated with 100 
µM MeJ for 2 hrs were compared using RT-PCR gel blots (Fig. 4-3B). Compared to its wild-type 
levels, the MYC transcript basal level was very low in myc2/jin1 mutant (<5% of the WT), 
slightly lower than the WT in the myc4 and myc5 mutants, and unchanged in the myc3 mutant 
(Fig. 4-3B, C). MYC2 transcript levels were induced to a moderate degree by MeJ in all myc 
mutants except the myc2/jin1 mutant (Fig. 4-3B, C). Basal MYC3 transcript level in WT plants 
was the same as the myc3 mutant, which contains a T-DNA insertion in the promoter region, and 
in the myc2, myc4 and myc5 mutants. MYC3 transcript levels were slightly MeJ-inducible in 
wild-type, myc2 mutant and myc5 mutant, but not inducible in the myc3 or myc4 mutant plants 
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(Fig. 4-3B, D). Basal MYC4 transcript levels were increased about 40% in the myc4D mutant, 
which also contains a T-DNA insertion in its proximal promoter, compared to those in WT and 
other myc mutants. It was not responsive to MeJ treatment in WT or any mutant lines tested (Fig. 
4-3B, E). Basal MYC5 transcript levels were very low in the myc5 mutants (<10% transcript 
level of the WT), which contains a T-DNA insertion in the coding region, relatively low in 
myc2/jin1 mutants (~70% transcript level of the WT), increased in myc3 mutants (~130% 
transcript level of the WT), and not changed in myc4 mutants. In contrast to the MeJ-inducibility 
of MYC2 and MYC3 genes, MYC5 gene expression was repressed by MeJ application in WT, 
myc3 and myc4, but not in myc2 and myc5 mutant seedlings (Figs. 4-3B, F). The repression of 
MYC5 transcript level by MeJ was more significant in the myc3 mutant (70% decrease) 
compared to that in the WT plants (40% decrease) (Figs. 4-3B, F). Overall, the MeJ induction on 
MYC2 transcript was positively regulated by itself and MYC3 gene. The MeJ induction on 
MYC3 transcript was positively regulated by itself and negatively regulated by MYC4 gene. 
MYC4 was not responsive to MeJ treatment. The MeJ repression on MYC5 transcript was 
positively regulated by itself and MYC2 gene, and negatively regulated by MYC3 gene 
(Supplementary Fig. S4-4). On the other hand, the basal level of MYC2 was upregulated by 
MYC5 gene and downregulated by MYC4 gene. And the basal level of MYC5 was upregulated 
by MYC2 gene and downregulated by MYC3 gene (Supplementary Fig. S4-4). 
To understand the role each MYC protein might play in the JA responses and to 
investigate the short and long effects of exogenous MeJ in wild-type and myc mutant plants, the 
10-day-old seedlings were treated with 100 µM MeJ for 0, 0.5, 2 and 20 hours and expression of 
MYC and other JA-responsive genes were compared using RT-PCR gel blots. With MeJ 
induction, the expression of MYC2 exhibited a strong and rapid increase (approximately 1.5 fold 
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at 0.5 hrs) in wild-type and all myc mutant plants except the myc2/jin1 knockout plants (Fig. 4-
5A), while MeJ inducibility of MYC4 and MYC5 transcripts levels varied among the different 
myc mutant lines (Figs. 4-5B, C). In contrast with the analysis in Fig. 4-3, the MYC4 expression 
was slowly and mildly repressed by MeJ treatment in both WT and myc4D mutant plants. In 
myc2/jin1, MYC4 was induced at short time 0.5 hrs and back to normal level for the longer time 
period. While opposite in myc5, it was repressed at 0.5 hrs and then back to normal (Fig. 4-5B). 
This suggested that MYC2 and MYC5 may oppositely regulate the response of MYC4 to MeJ. 
MYC5 was slightly repressed in WT and myc4D plants for short term, and only slightly 
repressed by JA at long times (20 hrs) in the myc2/jin1 mutants. Notably, the basal level of 
MYC5 was significantly higher in the myc3 mutant plants (>1.5 fold relative to WT), and its 
levels were rapidly and dramatically repressed by MeJ at short times (0.5 and 2 hrs), and with 
slow recover to wild-type levels at long times (20 hrs) (Fig. 4-5C). MYC3 (At5g46760) and 
MYC5 (At5g46830) are both located in the same orientation and in close proximity (27 kb, <10 
cM) on chromosome 5 of Arabidopsis. This indicated that though no change at the transcript 
level of MYC3 in the myc3 mutant, the T-DNA insertion affected the expression of downstream 
genes. Collectively, semi-quantitative RT-PCR data suggested no or only very weakly induction 
or changes in expression levels for MYC3, MYC4 and MYC5 genes could be detected after JA 
treatment (100mMeJ treatment for 0.5, 1, 3 and 20 h), while MYC2 gene was highly induced all 
the times in all lines except myc2/jin1 (Fig. 4-5A-C).  
Regulation of JA responses genes by MYC proteins 
To investigate the role of each MYC protein in JA responses, I also analyzed the 
expression patterns of JA-responsive genes in WT and myc mutation lines, including some in the 
JA signaling pathway (COI1, JAZ3 and JAR1), JA synthesis pathway (CYP74A1, CYP74B2 and 
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OPR3), indole glucosinolate pathway (CYP79B2, CYP79B3 and CYP83B1) and pathogen-
response pathway (PDF1.2).  
The responses of different genes in JA signaling and JA synthesis pathways varied in 
different lines. The basal level of COI1 transcript decreased in myc mutant plants. And it did not 
respond significantly to JA treatment in any lines in short term (Fig. 4-6A). The basal level of 
JAZ3 transcript increased in these mutants, especially in myc4D mutant plants. And it was 
rapidly induced by MeJ in all lines, and maintained relatively high for long term (Fig. 4-6B). The 
basal levels of JAR1 transcripts did not change in myc mutant plants, compared to WT. At 0.5 
hrs, JAR1 was highly induced by MeJ in WT but only slightly induced in myc2/jin1, myc3 and 
myc4D, and did not response in myc5. And the responses of JAR1 in all lines diminished since 2 
hrs (Fig. 4-6C). CYP74A1 basal expression level was repressed in myc4D mutant plants. And it 
was induced by MeJ at 0.5 hrs in all lines, and kept the induction in WT, myc2/jin1 and myc4D 
for longer time, but the expression in myc3 and myc5 was back to basal level at 2 hrs and even 
lower at 20 hrs (Fig. 4-6D). The basal level of OPR3 transcript increased in both myc4D and 
myc5 mutant plants. And the MeJ induction of it was rapid and dramatic, and decreased slowly 
by time in all lines (Fig. 4-6E). The basal expression of CYP74B2 was low in myc3 mutant 
plants (30% of WT) and it was slowly induced by MeJ until 2 hrs. While in WT and other myc 
mutant plants, it was induced significantly by MeJ rapidly in 0.5 hrs. And the induction was 
maintained at a high level for long term in all lines (Fig. 4-6F). The MeJ induction levels of 
JAZ3, JAR1, CYP74A1, OPR3 and CYP74B2 were decreased in myc2/jin1 relative to WT, 
suggesting a positive role of MYC2 in regulating the JA responses in these genes (Figs. 4-6B-F). 
For indole glucosinolate pathway genes, the regulation of JA responses by MYC genes 
was more uniform. The basal expression levels of CYP79B2, CYP79B3 and CYP83B1 were 
123 
 
decreased in myc2, myc4D and myc5 mutant plants, and slightly increased in myc3 mutant plants 
(Figs. 4-6G-I). Their transcript levels were induced quickly by MeJ treatment in 0.5 hrs and then 
decreased slowly and mildly by time in WT, myc2/jin1, myc4D and myc5 (Figs. 4-6G-I). In myc3 
mutant, the responses to MeJ of these genes were almost lost (Figs. 4-6G-I). This observation 
was surprising, indicating a critical role of MYC3 in the JA responses in the indole glucosinolate 
pathway. The previous analysis indicated that T-DNA insertion did not change the MYC3 
transcript level in myc3 plants (Fig. 4-6 C). But it might affect the expression of genes nearby, or 
change the protein level/stability of MYC3 or other genes. On the other hand, consistent with 
previous reports (Lorenzo et al., 2004; Dombrecht et al., 2007; Shin ea al., 2012), myc2/jin1 was 
confirmed to display an enhanced induction of the indole glucosinolate pathway genes, 
suggesting a negative regulation of MYC2 on their JA responses (Figs. 4-6G-I).  
For the pathogen-response gene PDF1.2, the basal level was very low in all lines, and the 
JA responses were slow but dramatic (Fig. 4-6J). The exogenous MeJ treatment could induce its 
expression for long term (20 hrs) in all lines. And the inducibilities in the MYC mutants were 
much higher than the WT, especially myc5 mutants, in which the induction of PDF1.2 was 
earlier and higher than the other mutants (Fig. 4-6J).  
Collectively, these data showed a complex and partially overlapping MYC-dependent 
regulation of JA signaling in these genes. 
DNA binding specificity of MYC proteins 
Protein binding arrays presented in Godoy et al. (2011) showed significant over-
representation of G-box-related elements in the promoters of genes induced 30 min after JA 
application, suggesting that these are the most important cis-elements in early response to JA. In 
vitro DNA binding assays have demonstrated that MYC2 preferentially interacts with 
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recognition sites G-box CACGTG (Dombrecht et al., 2007). A G-box-like element (CACATG) 
designated as HUD/MYC2 and identified as sufficient to confer diurnal and circadian expression 
patterns in vivo on phytohormone genes (Michael et al., 2008), has also been identified as a 
MYC2 binding site (Abe et al., 1997; Dombrecht et al., 2007). Additional G-box variant 
hexamers CACNTG (de Pater et al., 1997) and (T/C)ACGTG (Yadav et al., 2005) have been 
shown to bind. However, these binding analyses were determined in a nonquantitative and biased 
way by mutating selected nucleotides in a randomly chosen oligonucleotide. To see if these G-
box-related elements as well as G-box variant sequences have the same binding efficiency to 
MYC proteins, radioactively labeled duplexed DNA probes were generated to check the binding 
of MYC2, MYC3, MYC4 and MYC5 full length and partial proteins using EMSA. Here, an 
unbiased and quantitative method has been adapted to identify the every possible G-box variants 
binding sites of MYC2, MYC3, MYC4 and MYC5.  
Briefly, to check the binding specificity of MYC2, a purified MYC2-6xHis fusion protein 
was used for binding to oligonucleotides (30-mers) containing every possible G-box palindrome 
hexamer variants in EMSA analysis. The data in Fig. 4-7 indicate that MYC2-1 (CACATG), 
MYC2-2 (CACGTT) and MYC2-3 (CACGAG) probes have different binding affinities with the 
MYC2 transcription factor and that all single nucleotide changes in this hexamer dramatically 
abolish MYC2 binding (Fig. 4-7). A change at the first position of the palindrome to AACGTG 
decreases MYC2 binding by about 40% (probe f in Fig. 4-7). Contrast to this, a change in the 
first nucleotide to T (probe e) or G (probe g), causes the mutant probe to lose all binding to the 
MYC2 protein. For the second position, a change from A to G (probe h) or C (probe i) leads to 
almost complete loss of binding to MYC2, while a change to T (probe j) leads to a 30% loss of 
binding ability. A change at the third position from G to A (probe b) reduces the binding 
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efficiency to 50%, and changes to either T (probe c) or C (probe d) completely diminish the 
MYC2 binding activity. These results are consistent with the MYC2 binding assays conducted 
with the large oligonucleotide pool done by Dombrecht et al. (2007). The mutation in the 
flanking regions (probe k, l and m) did not change the binding efficiency of G-box to MYC2. 
Experiments using MYC2 DNA-binding region fused to MBP expressed in both E. coli and 
Nicotiana benthamiana leaves also demonstrated that nucleotide immediately outside the DNA-
binding domain do not influence MYC2 DNA-binding specificity (Godoy et al., 2011). 
The competing binding assay was also performed to test the binding abilities of full 
length MYC3, MYC4 and MYC5 proteins with various G-box variants. MYC3 and MYC4 had a 
similar binding preferences as the full-length MYC2 protein to these G-box variant elements 
including G-box (probe a), MYC2 (probe b), MYC2-2 (probe f), and MYC2-3 (probe j), but with 
slightly different binding efficiency (Figs. 4-8A, B). MYC3 was more tolerant to the mutations 
in the G-box elements with b, f and j probes almost completely competing with the radiolabeled 
G-box probe (Fig. 4-8A). In contrast, MYC4 was less tolerant to mutations in the G-box 
elements, to which probe b, f and j compete less efficiently for binding to the G-box probe than 
MYC2 and MYC3 (Fig. 4-8B). Though the presence of basic residues in the bHLH domain 
suggests that MYC5 has G-box binding capacity (Toledo-Ortiz et al., 2003), my EMSA 
experiments showed that MYC5 does not bind with this canonical G-box or any G-box variant 
probes in vitro (data not shown). 
As shown in Figure 4-1, the sequences of these MYC proteins are conserved. There is a 
JAZ interaction domain (JID) on the N-terminus, which are required of the MYC-JAZ 
interactions (Melotto et al., 2008; Chini et al., 2009), and a bHLH DNA binding domain is at the 
C-terminus of MYC proteins (Fig. 4-8C). To demonstrate that the interactions with the G-box 
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probe are the sequences in the bHLH domain, I constructed the truncated MYC2CT, MYC4NT 
and MYC4CT proteins. When the N-terminal JID region was deleted, MYC2CT and MYC4CT 
still showed robust interaction with the 30-mer oligonucleotides containing the G-box, reduced 
interaction with probe b, and no binding to probe c (Fig. 4-8D). As expected, the MYC4NT 
lacking the bHLH domain did not bind to the G-box probe (Fig. 4-8D).   
4.5 Discussion 
Proteins interactions of MYCs  
MYC2, MYC3 and MYC4 have been all reported to interact with multiple JAZ proteins 
in the JID domains near their N-termini (Thines et al., 2007; Chini et al., 2007; Fernandez-Calvo 
et al., 2011; Niu et al., 2011; Melotto et al., 2008) (Table 4-1). They also differentially interacts 
with many other proteins such as TIFY7/10B, AHP5, ARD1, TIC, MYB2/23, etc. (Abe et al., 
2003; Thines et al., 2007; Chini et al., 2007; Yamashino et al., 2003; Fernandez-Calvo et al., 
2011; Klopffleisch et al., 2011; Cevik et al., 2012; Melotto et al., 2008; Shin et al., 2012) (Table 
4-1). In yeast cells, the N-terminus of MYC2 was responsible for binding to GAI, RGA1 and 
RGA-like, which are DELLA proteins as key components of GA signaling (Hong et al., 2012) 
(Table 4-1). The transactivation domain (TAD) on the N-terminus was found to be important for 
MYC2/MYC3/MYC4 binding to MED25 protein, a positive regulator to mediate RNA 
polymerase II complex for the JA signaling pathway in Arabidopsis (Cevik et al., 2012; Chen et 
al., 2012) (Table 4-1). Even though MYC5 has sequences conserved in other MYCs (Fig. 4-1), it 
has not been found to have interaction with any of these previous mentioned proteins. 
Homology modeling of MYC proteins interacting with G-box sequences 
Experiments showed that MYC2, MYC3 and MYC4 proteins all bind efficiently with the 
canonical G-box sequence and less efficiently with some G-box variants. In contrast, MYC5 
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does not bind at all to the G-box and G-box variants. The basic region of the bHLH domain, 
which is the predicted DNA binding domain of bHLH family proteins, is highly conserved 
among MYC2, MYC3 and MYC4. When compared with the amino acids that are absolutely 
conserved in these first three MYC proteins, there are only few non-conserved amino acids of 
MYC5 in this region (K340, M350 and H357) (Fig. 4-9A). Homology modeling was performed 
to build the interface of MYC bHLH domains and G-box, trying to explain the different binding 
abilities from their structures. For this, I aligned the bHLH domain sequences of these 
Arabidopsis MYC proteins with human MYC, MAX and MAD proteins, and performed 
homology modeling using the crystal structure of the human MYC protein (PDB: 1NKP; Nair 
and Burley, 2003) as outlined in Materials and Methods. At the protein-DNA interface, amino 
acids usually interact with DNA through direct hydrogen bonds and van der Waals forces, or 
indirect water-mediated hydrogen bonds, or a combination of both (Luscombe et al., 2001; 
Havranek et al., 2004). My molecular models for MYC proteins interacting with the G-box 
indicates that the three residues in human MYC protein (numbered H359, E363, R367 in MYC) 
reported to bind directly to DNA, are conserved in Arabidopsis MYC proteins (numbered H453, 
E457, E461 in AtMYC2) (Figs. 4-9A, B). These identities therefore do not explain the fact that 
the MYC5 does not bind to G-box, which also has these conserved residues. Other nonconserved 
amino acids in MYC5 (K340 and M350 in the basic region, and H357 in the Helix-1 region) also 
do not explain the binding differences since they face out from the DNA binding surface (Figs. 
4-9A, C). Other nonconservative amino acids T375 and E379 in Helix-2 are even further away 
from the interaction surface and are not predicted to directly contribute to binding (Figs. 4-9A, 
C).  
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There is evidence that Arabidopsis MYC2, MYC3 and MYC4 can form homo- and 
heterodimers in planta (Fernandez-Calvo et al., 2011) (Table 4-1). It is also known that bHLH 
proteins can form homo- or heterodimers with other bHLH proteins in animals, which is 
important for DNA recognition and binding specificity, but the critical molecular determinants 
involved in the dimerization has not been well defined (Massari and Murre, 2000; Ciarapica et 
al., 2003; Carretero-Paulet et al., 2010). Current models indicate that the dimerization specificity 
can be affected by many factors, including hydrophobic interfaces, interactions between charged 
amino acids in the HLH region, and partner availability (Ciarapica et al., 2003; Toledo-Ortiz et 
al., 2003). It seems empirically that bHLH proteins most closely related in sequence in the HLH 
region are likely to form heterodimers (Toledo-Ortiz et al., 2003). In plants, heterodimers 
between the bHLH family members PIF3 and HFR1 have been reported to act as a regulatory 
dimer that either prevents PIF3 from binding to G-box or targets the dimer to a different DNA 
recognition motif (Fairchild et al., 2000). In Arabidopsis, heterodimers between PIF3 and PIF4 
have been reported to bind as heterodimers to the G-box DNA motif (Toledo-Ortiz et al., 2003). 
The highly conserved L23 residue in Helix-1 region has been found to be structurally necessary 
for dimer formation in the human MAX (Brownlie et al., 1997), and it as well as L52 in Helix-2 
region are required for the dimerization of the PAR1 protein in Arabidopsis (Carretero-Paulet et 
al., 2010) (Fig. 4-9A). These two leucine residues are also conserved in the MYC5 protein (Fig. 
4-9A).  
In animals, the bHLH family members MYC-MAX and MAD-MAX heterodimer 
proteins bind with E-box element (CACGTG), via interactions between the basic region and the 
major groove (Nair and Burley, 2003). Human MYC cannot form homodimers in vivo, but MAX 
can homodimerize and bind to E-box elements (Prendergast et al., 1991; Grandori et al., 1996). 
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Crystal structures obtained by Nair and Burley (2003) found that two positively charged residues 
(R423 and R424) in the zipper region of the human MYC protein could form hydrogen bond 
pairs with the polar residues (Q91 and N92) in MAX protein and yield a tighter dimer interface 
and packing structure (Fig. 4-9A). With mutations in these amino acids, MYC and MAX lost the 
ability to form heterodimers and to bind DNA (Nair and Burley, 2003). Arabidopsis MYC2 has a 
predicted zipper domain located immediately to the C-terminal to the bHLH domain, just as in 
the animal bHLHZip proteins (Dang et al., 1992; Toledo-Ortiz et al., 2003) (Fig. 4-9A). 
Substantial differences exist between MYC5 and other Arabidopsis MYC proteins in this zipper 
domain, and it may be there in that prevent it to form dimer with itself or other proteins (Figs. 4-
9A, C, D). In the MYC molecular models, most of the MYC5 differences including E393, L397, 
H400, A401, I404, N407 and I412, lie on the same side of the coil in the zipper of MYC5 (Fig. 
4-9D), while the F406 difference occurs on the opposite side (Fig. 4-9C). In modeled 
heterodimer structures of Arabidopsis MYC2-MYC3 and MYC2-MYC5 built using human 
MYC-MAX as template (Fig. 4-10A), there are several critical sites in the zipper regions, might 
promote the heterodimer through hydrophobic interaction. These includes L515 in MYC2 
(equivalent to position R424 in human MYC) and L478 in MYC3 (equivalent to position N92 in 
Max) (Fig. 4-10B). Notably, the corresponding residue in MYC5 is F406, whose hydrophobic 
ring structure might prevent it from forming dimmers with itself or similar bHLH proteins (Fig. 
4-10C). Obviously, additional in vitro and in vivo experiments are needed to prove this 
hypothesis.  
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Figure 4-1. Gene expression of Arabidopsis MYC2, MYC3, MYC4 and MYC5. 
Expression of MYC2, MYC3, MYC4 and MYC5 transcripts in (A) different tissues, (B) different 
developmental stages, and (C) responses to different stresses of Arabidopsis are analyzed with heatmap 
and scatter plot generated using the 22k array data in Genevestigator. 
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Figure 4-2. Amino acid sequence alignment of Arabidopsis MYC2, MYC3, MYC4 and MYC5. 
Alignments were performed using ClustalW. Sequences of the JAZ-interaction domain (JID) are 
highlighted with yellow fill. Sequences of the activation domains are underlined. Sequences of the 
conserved bHLH DNA binding domains are highlighted with grey fill. The non-conservative changes in 
the critical regions of MYC5 are highlighted with red squares and pond signs (#). 
MYC5   ----------------------MINTDDNLL--MIEALLT-SDPSPPLLP------ANLS 
MYC2   -----------MTDYRLQPTMNLWTTDDNAS--MMEAFMS-SSDISTLWPPASTTTTTAT 
MYC4   MSPTNVQVTDYHLNQSKTDTTNLWSTDDDAS--VMEAFIGGGSDHSSLFPPLPP-PPLPQ 
MYC3   ------------MN-GTTSSINFLTSDDDASAAAMEAFIG-TNHHSSLFPPPPQQPPQPQ 
                             : .:**:     :**::   .  ..* *      .    
 
MYC5   LETT-----------------LPKRLHAVLNGTHEPWSYAIFWKPSYDDFSG-------E 
MYC2   TETTPTPAMEIPAQAGFNQETLQQRLQALIEGTHEGWTYAIFWQPSYD-FSG-------A 
MYC4   VNED----------------NLQQRLQALIEGANENWTYAVFWQSSHG-FAGEDNNNNNT 
MYC3   FNED----------------TLQQRLQALIESAGENWTYAIFWQISHD-FDS--STGDNT 
        :                   * :**:*:::.: * *:**:**: *:. * .         
          #    # # #                   # #           #    # # 
MYC5   AVLKWGDGVYTGGNEEKTRGRLRRKKTILSSPEEKERRSNVIRELNLMISGEAFPVVEDD 
MYC2   SVLGWGDGYYKG-EEDKANPRRRSSSPPFSTPADQEYRKKVLRELNSLISGGVAPS---- 
MYC4   VLLGWGDGYYKG-EEEKS----RKKKSNPASAAEQEHRKRVIRELNSLISGGVGGG---- 
MYC3   VILGWGDGYYKG-EEDKE----KKK--NNTNTAEQEHRKRVIRELNSLISGGIGVS---- 
        :* **** *.* :*:*     : .    :.. ::* *..*:**** :***          
   #    # 
MYC5   VSDDDDVEVTDMEWFFLVSMTWSFGNGSGLAGKAFASYNPVLVTGSDLIYGSGCDRAKQG 
MYC2   -DDAVDEEVTDTEWFFLVSMTQSFACGAGLAGKAFATGNAVWVSGSDQLSGSGCERAKQG 
MYC4   -DEAGDEEVTDTEWFFLVSMTQSFVKGTGLPGQAFSNSDTIWLSGSNALAGSSCERARQG 
MYC3   -DESNDEEVTDTEWFFLVSMTQSFVNGVGLPGESFLNSRVIWLSGSGALTGSGCERAGQG 
        .:  * **** ********* **  * **.*::* .   : ::**. : **.*:** ** 
 
MYC5   GDVGLQTILCIPSHNGVLELASTEEIRPNSDLFNRIRFLF---GGSK----YFS------ 
MYC2   GVFGMHTIACIPSANGVVEVGSTEPIRQSSDLINKVRILFNFDGGAG----DLSGLNWNL 
MYC4   QIYGLQTMVCVATENGVVELGSSEIIHQSSDLVDKVDTFFNFNNGGG----EFGSWAFNL 
MYC3   QIYGLKTMVCIATQNGVVELGSSEVISQSSDLMHKVNNLFNFNNGGGNNGVEASSWGFNL 
          *::*: *:.: ***:*:.*:* *  .***..::  :*   .*.       .       
 
MYC5   ----------------------------------GAPNSNSELFP--FQLESSCSSTVTG 
MYC2   DPDQGENDPSMWINDP-------IGTPGSNEPGNGAPSSSSQLFSKSIQFENGSSSTITE 
MYC4   NPDQGENDPGLWISEPNGVDSGLVAAPVMNNGGN-DSTSNSDSQPISKLCNG--SSVENP 
MYC3   NPDQGENDPALWISEP--TNTGIESPARVNNGNNSNSNSKSDSHQISKLEKNDISSVENQ 
                                           ..*.*:        :.  **. .  
 
MYC5   NPN-----PSPVYLQN---RYN------LNFSTSSSTLAR---APCGDVLSFGENVKQSF 
MYC2   NPN-LDPTPSPVHSQTQNPKFNNTFSRELNFSTSSSTLVK---PRSGEILNFGDEGKRSS 
MYC4   NPK-VLKSCEMVNFKNGIENGQE-----EDSSNKKRSPVS---NNEEGMLSFTSVLP--- 
MYC3   NRQSSCLVEKDLTFQGGLLKSNETLSFCGNESSKKRTSVSKGSNNDEGMLSFSTVVRSAA 
       * :      . :  :    . :       : *... : .         :*.*         
 
MYC5   ENRNPNTYS--DQIQNVVPHATVMLE-----------------------------KKKGK 
MYC2   GNPDPSSYSGQTQFENKRKRSMVLNEDKVLSFGDKTAGESDHSDLEASVVKEVAVEKRPK 
MYC4   CDSNHSDLE--ASVAKEAESNRVVVEP----------------------------EKKPR 
MYC3   NDSDHSDLE--ASVVKEA---IVVEPP----------------------------EKKPR 
        : : .  .   .. :      *:                               :*: : 
                  #         #      #                 #   # 
MYC5   KRGRKPAHGRDKPLNHVEAERMRREKLNHRFYALRAVVPNVSKMDKTSLLEDAVCYINEL 
MYC2   KRGRKPANGREEPLNHVEAERQRREKLNQRFYALRAVVPNVSKMDKASLLGDAIAYINEL 
MYC4   KRGRKPANGREEPLNHVEAERQRREKLNQRFYSLRAVVPNVSKMDKASLLGDAISYISEL 
MYC3   KRGRKPANGREEPLNHVEAERQRREKLNQRFYSLRAVVPNVSKMDKASLLGDAISYINEL 
       *******:**::********* ******:***:*************:*** **:.**.** 
           #   #  ##  # ##    # 
MYC5   KSKAENVELEKHAIEIQFNELKEIAGQRN---AIPSVCKYEEKASEM----MKIEVKIME 
MYC2   KSKVVKTESEKLQIKNQLEEVKLELAGRK---ASASGGDMSSSCSSIKPVGMEIEVKIIG 
MYC4   KSKLQKAESDKEELQKQIDVMNKEAGNAK---SSVKDRKCLNQES-SVLIEMEVDVKIIG 
MYC3   KSKLQQAESDKEEIQKKLDGMSKEGNNGKGCGSRAKERKSSNQDSTASSIEMEIDVKIIG 
       ***  :.* :*  :: ::: :.      :   :  .  .  .. *      *:::***:  
 
MYC5   SDDAMVRVESRKDHHPGARLMNALMDLELEVNHASISVMNDLMIQQANVKMGLRIYKQEE 
MYC2   -WDAMIRVESSKRNHPAARLMSALMDLELEVNHASMSVVNDLMIQQATVKMGFRIYTQEQ 
MYC4   -WDAMIRIQCSKRNHPGAKFMEALKELDLEVNHASLSVVNDLMIQQATVKMGNQFFTQDQ 
MYC3   -WDVMIRVQCGKKDHPGARFMEALKELDLEVNHASLSVVNDLMIQQATVKMGSQFFNHDQ 
         *.*:*::. * .**.*::*.** :*:*******:**:********.**** :::.::: 
 
MYC5   LRDLLMSKIS--- 
MYC2   LRASLISKIG--- 
MYC4   LKVALTEKVGECP 
MYC3   LKVALMTKVGENY 
       *:  *  *:.    
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Figure 4-3. T-DNA insertion and gene expressions of Arabidopsis MYC mutants. 
(A) Diagram of the genomic sequences of MYC2, MYC3, MYC4 and MYC5 showing the T-DNA 
insertion sites of the mutant lines. Black boxes indicate exons. Yellow triangles indicate the gene fragment 
probe used in RT-PCR gel blots. 
(B) RT-PCR gel blot analysis of MYC transcript levels in these T-DNA insertion lines and wild-type 
(WT) plants.  
(C-F) Relative transcript levels derived from two biological and one technical replicates compare 
expression levels in mock (-, basal) and MeJ treated (+, sprayed with 100 µM MeJ and incubated for 2 hrs) 
plants after normalized to constitutive UBQ10. Error bars represent SD. 
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Figure 4-4. Phenotype of myc2 myc4 double mutant. 
The myc2 myc4 double mutant plants (right) grow slower than the wild-type (WT) plants (left): (A) 4-
week-old and (B) 8-week-old plants. The carpel of mutant is shorter than that of the WT ((C) and (D)). 
The siliques are small and undeveloped in the mutants ((E) and (F)). 
(G) Pollen germination in WT (left) vs. mutant (right).  
(H) Pollen development in vivo. Few pollens were attached to the stigma of mutants.  
(I) Germinated pollen stained with aniline blue. 
(J) The exogenous applied OPDA (left), JA (middle) or MeJ (right) cannot rescue the silique phenotype 
of these myc2 myc4 double mutants. 
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Figure 4-5. Time-course analysis of MYC gene expressions in WT and myc mutants. 
10-day-old seedlings were treated with 100 µM MeJ spray for 0, 0.5, 2 and 20 hrs. Gene expression 
relative to UBQ10 at each time point was measured by gel blot RT-PCR, and fold changes of (A) MYC2, 
(B) MYC4 and (C) MYC5 relative to basal expression level in WT was determined. Two biological 
replicates and two technical replicates were performed, and similar results were obtained. 
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Figure 4-6. Time-course analysis of gene expressions in WT and myc mutants. 
10-day-old seedlings were treated with 100 µM MeJ spray for 0, 0.5, 2 and 20 hrs. Gene expression 
relative to UBQ10 at each time point was measured by gel blot RT-PCR, and fold changes of (A) COI1, 
(B) JAZ3, (C) JAR1, (D) CYP74A1, (E) OPR3, (F) CYP74B2, (G) CYP79B2, (H) CYP79B3, (I) 
CYP83B1 and (J) PDF1.2 relative to basal expression level in WT was determined. Two biological 
replicates and two technical replicates were performed, and similar results were obtained. 
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Figure 4-7. MYC2 binding to G-box variants. 
(A) Sequences of the 30-mer G-box variants tested in (B) and (C). (B) Quantification of MYC2 binding 
efficiency to G-box variants. Values are means of three replicates; error bars denote SD. *, ** and *** 
differ significantly from the control (no competitor) by one-sided paired t test at p<0.05, p<0.01 and 
p<0.001, respectively. (C) Gel mobility-shift analyses of the competing binding of G-box variants to 
MYC2 protein. There were similar results in the three replicates. 
a: 5’-AGAGTCAAAGCACGTGGCTAAATGAATCGG 
b: 5’-AGAGTCAAAGCACaTGGCTAAATGAATCGG 
c: 5’-AGAGTCAAAGCACtTGGCTAAATGAATCGG 
d: 5’-AGAGTCAAAGCACcTGGCTAAATGAATCGG 
e: 5’-AGAGTCAAAGtACGTGGCTAAATGAATCGG 
f: 5’-AGAGTCAAAGaACGTGGCTAAATGAATCGG 
g: 5’-AGAGTCAAAGgACGTGGCTAAATGAATCGG 
h: 5’-AGAGTCAAAGCgCGTGGCTAAATGAATCGG 
i: 5’-AGAGTCAAAGCcCGTGGCTAAATGAATCGG 
j: 5’-AGAGTCAAAGCtCGTGGCTAAATGAATCGG 
k: 5’-AGAGTCAAAGCACGTGtCTAAATGAATCGG 
l: 5’-AGAGTCAAAtCACGTGGCTAAATGAATCGG 
m: 5’-AGAGTCAcAGCACGTGGCTAAATGAATCGG 
 
A 
Compete Binding MYC2
- a b c d e f g h i j k l m
0.0
0.5
1.0
1.5
***
**
****** ***
*
*
Competitor
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B 
C 
Protein(MYC2FL):       +       +      +       +     +      +      +      +      +      +      +      +       +      + 
Probe(74A1GBox):         +       +      +       +     +      +      +      +      +      +      +      +       +      + 
Competitor(100X):        -       a       b       c     d      e       f       g  h       i       j       k       l      m 
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Figure 4-8. MYC3, MYC4, MYC2-CT, MYC4-NT and MYC4-CT binding to G-box variants.  
Gel mobility-shift analyses of the competing binding of G-box variants to (A) MYC3 and (B) MYC4 full 
length proteins. (C) Domain structures of MYC2 full length protein (MYC2FL) and deletion mutants with 
C-terminal (MYC2CT, MYC4CT) and N-terminal (MYC4NT). Competitors of probes (a-m) in (A and B) 
and radiolabled-probes (a-c) (D) used here are as labeled in Fig. 4-7. There were similar results in two 
replicates. 
MYC2FL 
MYC2CT 
MYC4NT 
MYC4CT 
JID bHLH 
aa 399 
aa 332 
C 
Protein(MYC3FL):       +       +      +       +     +      +      +      +      +      +      +      +       +      + 
Probe(74A1GBox):         +       +      +       +     +      +      +      +      +      +      +      +       +      + 
Competitor(100X):        -       a       b       c     d      e       f       g  h       i       j       k       l      m 
A 
D Protein:  MCY2CT               MYC4NT              MYC4CT       
Probe:      a    b    c              a    b    c              a    b    c       
B Protein(MYC4FL):       +       +      +       +     +      +      +      +      +      +      +      +       +      + 
Probe(74A1GBox):         +       +      +       +     +      +      +      +      +      +      +      +       +      + 
Competitor(100X):        -       a       b       c     d      e       f       g  h       i       j       k       l      m 
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Figure 4-9. The bHLH regions of AtMYC proteins. 
B C 
D 
A 
basic Helix-1 loop Helix-2 Zipper (predicted for AtMYCs) 
# # # # # # # # # # # # # # 
340              350                 357              375      379                      406 
145 
 
Figure 4-9 (cont.) 
(A) Sequences of AtMYCs were aligned with human MYC, MAX and MAD proteins. The conserved H, 
E, R residues that interact with DNA are highlighted in black boxes, and the R, R residues critical for 
Myc-Max heterodimer interactions are highlighted in red boxes. The conserved L residues important for 
dimerization are indicated by arrows. The non-conservative changes of MYC5 are highlighted with red 
pond signs (#), and the amino acid numbers of them are indicated under it.  
(B) Molecular model of MYC5 is shown with conserved residues H344, E348 and R352 interacting with 
the G-box binding site.  
(C) The bHLH domain sequence differences of MYC5 (yellow ribbon) are compared with other MYC2 
(red ribbon), MYC3 (blue ribbon), and MYC4 (white ribbon). Amino acid changes in MYC5 are shown 
in green stick format. The large F406 substitution is highlighted with an orange arrow.  
(D) The opposite side of the leucine zipper region shows most of the changes.  
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Figure 4-10. Homology modeling of MYC2-MYC3 and MYC2-MYC5 proteins. 
(A) The predicted heterodimer of MYC2-MYC3 interaction with G-box DNA binding site.  The MYC2 
(red) and MYC3 (blue) interact with the major groove of G-box (bronze). 
(B) Predicted interaction L515 of MYC2 and L478 of MYC3 through hydrophobic interaction.  
(C) The changes in MYC5 (teal) at F406 might prevent it to form dimer.   
B C 
A 
147 
 
Table 4-1. Reported protein interaction of AtMYCs. 
MYC2 
 
MYC3 
MYC2 Affinity Capture-Western1   MYC3 Affinity Capture-Western1; Co-purification1  
MYC3 Affinity Capture-Western1; Co-purification1    MYC2 Affinity Capture-Western1; Co-purification1  
MYC4 Affinity Capture-Western1   MYC4 Affinity Capture-Western1; Co-purification1  
JAZ1 Reconstituted Complex2; Two-hybrid1,2,4    JAZ1 Reconstituted Complex1,2; Two-hybrid1,2  
JAZ3 Reconstituted Complex2,5,6; Two-hybrid1,2,6    JAZ3 Co-purification1; Reconstituted Complex1,2; Two-hybrid1,2  
JAZ5 Two-hybrid1    JAZ5 Co-purification1; Reconstituted Complex1; Two-hybrid1  
JAZ6 Two-hybrid1    JAZ6 Reconstituted Complex1; Two-hybrid1  
JAZ8 Two-hybrid1    JAZ7 Reconstituted Complex1; Two-hybrid1  
JAZ10 Two-hybrid1    JAZ8 Reconstituted Complex1; Two-hybrid1  
JAZ11 Co-purification1; Two-hybrid1    JAZ10 Reconstituted Complex1; Two-hybrid1  
JAZ12 Co-purification1; Two-hybrid1    JAZ11 Reconstituted Complex1; Two-hybrid1  
MED25 Affinity Capture-Western7; PCA7; Two-hybrid3,7     JAZ12 Co-purification1; Reconstituted Complex1; Two-hybrid1  
TIFY7 Reconstituted Complex2; Two-hybrid1,2,4    MED25 Reconstituted Complex3; Two-hybrid3  
TIFY10B Co-purification1; Two-hybrid1    TIFY7 Reconstituted Complex1,2; Two-hybrid1,2  
AHP5 Two-hybrid8    TIFY10B Co-purification1; Reconstituted Complex1; Two-hybrid1  
ARD1 Two-hybrid9      GAI Two-hybrid10    MYC4 
RGA1 Affinity Capture-Western10; Two-hybrid10     MYC4 Affinity Capture-Western1; Co-purification1  
RGL1 Two-hybrid10    MYC2 Affinity Capture-Western1 
RGL2 Two-hybrid10    MYC3 Affinity Capture-Western1; Co-purification1  
RGL3 Two-hybrid10    JAZ1 Reconstituted Complex1,2; Two-hybrid1,2  
TIC Affinity Capture-Western11; PCA11; Two-hybrid11     JAZ3 Reconstituted Complex1,2; Two-hybrid1,2  
MYB2 Phenotypic Enhancement12    JAZ4 Reconstituted Complex1; Two-hybrid1  
MYB23 Phenotypic Enhancement12    JAZ5 Reconstituted Complex1; Two-hybrid1  
    JAZ6 Reconstituted Complex
1; Two-hybrid1  
MYC5   JAZ7 Reconstituted Complex1; Two-hybrid1  
No interaction has been found   JAZ8 Reconstituted Complex1; Two-hybrid1  
   
JAZ10 Reconstituted Complex1; Two-hybrid1  
   
JAZ11 Co-purification1; Reconstituted Complex1; Two-hybrid1  
   
JAZ12 Co-purification1; Reconstituted Complex1; Two-hybrid1  
1 Fernandez-Calvo et al. (2011) 
 
MED25 Reconstituted Complex3; Two-hybrid3  
2 Niu et al. (2011) 
 
TIFY7 Reconstituted Complex1,2; Two-hybrid1,2  
3 Cevik et al. (2012) 
 
TIFY10B Co-purification1; Reconstituted Complex1; Two-hybrid1  
4 Melotto et al. (2008) 
   5 Thines et al. (2007) 
   6 Chini et al. (2007) 
   7 Chen et al. (2012) 
   8 Yamashino et al. (2003) 
   9 Klopffleisch et al. (2011) 
   10 Hong et al. (2012) 
   11 Shin et al. (2012) 
   12 Abe et al. (2003) 
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Supplementary Figure S4-1. Normalize expression of MYC2, MYC3, MYC4 and MYC5 in 
different tissues and development stage of Arabidopsis.  
Scatterplot was generated using data of the Affymetrix 351 ATH1 microarrays containing 22810 
probesets on GeneCAT. 
 
MYC2 
MYC3 
MYC4 
MYC5 
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Supplementary Figure S4-2. Genotyping of myc2 myc4 double mutants. 
(A) PCR confirmed that samples 1-8 were homozygous for both MYC2 and MYC4 genes. 
(B) TAIL-PCR showed that plant samples 1-4 have the same genotype, though only plants 1-3 showed a 
phenotype similar to JA-deficient plants while all other plants did not show any phenotype. Sequencing 
results confirmed that the T-DNA insertions were in the MYC2 and MYC4 genes. 
A 
Primer:              MYC2LP+ MYC2RP+LBb1         MYC4LP+ MYC4RP+LBb1  
Sample: 1*     2*   3*     4      5      6       7       8   myc2  WT       myc4 WT  1*     2*    3*     4      5      6       7       8 
B 
Primer:          AD1+LBb1  AD2+LBb1        AD5+LBb1  AD6+LBb1 
Sample:       1*       2*      3*       4        1*       2*      3*       4            1*      2*      3*       4          1*       2*      3*       4        
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Supplementary Figure S4-3. WT and myc mutant seedlings responses to MeJ treatment. 
10-day-old WT and myc mutant seedlings grew on MS plants with mock (MS), 10 µM MeJ and 100 µM 
MeJ. Root length are means of values from 14 to 24 seedlings; error bars denote SD, with * differ 
significantly from the control (mock) by one-sided paired t test at p<0.05. 
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Supplementary Figure S4-4. MeJ regulation on MYC genes network. 
Red shows positive regulation. Green shows negative regulation.  
 
 
152 
 
Supplementary Table S4-1. Template PDB entries used in homology structure comparisons.  
The underlined PDB entry has the highest sequence identity with MYC proteins, which was used as 
template in the homology modeling here. 
TEMPLATE ORGANISM PROTEIN 
IDENTITY 
with MYC2 DOMAIN   
1A0A YEAST PHO4 15.9 bHLH 
 1AN4 HUMAN USF 24.6 bHLH 
 1GD2 YEAST PAP1 24.6 bZIP 
 1MUZ HUMAN Myc box dependent interacting protein 1 17.3 
  1MV0 HUMAN Myc proto-oncogene protein  17.3 
  1NKP HUMAN Myc proto-oncogene protein  29.5 bHLH 
 1NKP HUMAN Max protein 29.5 bHLH 
 1NLW HUMAN Max protein 27.6 bHLH 
 1NLW HUMAN Mad protein 22.5 bHLH 
 1WID Arabidopsis RAV1 16.9 B3 DNA-BINDING DOMAIN 
2YY0 HUMAN c-Myc-binding protein  17 
  3HWJ MOUSE E3 ubiquitin-protein ligase MYCBP2 16.3 PHR domain 
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Supplementary Table S4-2. RT-PCR, genotyping PCR and clone PCR primers list.  
RT-PCR  MYC2-RT-For CCAGCTCGAGGAAGTGAAAC 
MYC2-RT-Rev AACTCCAAATCCATCAACGC  
MYC3-RT-F ATACGTGTACAATGCGGCAA 
MYC3-RT-R CGACTTTCGTCATCAAAGCA    
MYC4-RT-F ATTGGTTGGGATGCAATGAT 
MYC4-RT-R TTTTCACAGTCGCTTGTTGG     
MYC5-RT-F ATCATGCGAGCATTTCTGTG 
MYC5-RT-R TTTTCGACATCAACAAATCCC   
COI1-RT-For CAGCGGTTACAAAATTGCCT 
COI1-RT-Rev TTGATTCACTTCCGGGACTC 
JAZ3-RT-For AAAGCATCCCTGGCTAGGTT 
JAZ3-RT-Rev GACATTGAAAAGACCGCCAT 
CYP79B3-RT-F ACGTGTCGAGCTTATGGA 
CYP79B3-RT-R CCGAAAAGGCTATTCTGTAA 
CYP79B2-RT-F TATGTCCAGCGAGACACAGG 
CYP79B2-RT-R GCGGTTAAATGATCGTTTTCTT 
CYP83B1-RT-F TTCTAGACGAGACTCTTGACCCTAACCG 
CYP83B1-RT-R CCGGCACAACAATATCCAATATCATG 
CYP74A1-RT-F TTGTGAGTAGCTTCTTCTCGTGAGATAC 
CYP74A1-RT-R AGAAGAACCTCTCATCCATACATTTAGTC 
CYP74B2-RT-F AATCCGTGGTTTACGAAACG 
CYP74B2-RT-R TCATCACAAGCGGCTGATAAC  
JAR1-RT-F TGGAGCCGTATGTGCCAAAGC 
JAR1-RT-R CCACATCTCCAAGCCGGTATCG 
PDF1.2-RT-F CTCTTTGCTGCTTTCGACGCAC 
PDF1.2-RT-R TGACCATGTCCCACTTGGCTTC 
UBQ10-5’ CTTGGTCCTGCGTCTTCGTGGTGGTTTC 
UBQ10-3’ CGACTTGTCATTAGAAAGAAAGAGATAACAGG 
Genotyping 
 MYC2-LP  GGCGGGATTTAATCAAGAGAC 
MYC2-RP  TTTGGTACAACCGCTCGTAAC 
MYC3-LP CGACATACGGTTCTATGCACC 
MYC3-RP CTCCGGCGGATTCTATTAAAG    
MYC4-LP TTTATGCGATTCCGAAATGTC 
MYC4-RP TGAAAGCTTCCATTACCGATG    
MYC5-LP TCCAAATCCATCAAAGCATTC     
MYC5-RP TGGTTCTTCTTGGTTTCCATG 
LBa1 TGGTTCACGTAGTGGGCCATCG 
LBb1 GCGTGGACCGCTTGCTGCAACT 
LBb1.3 ATTTTGCCGATTTCGGAAC 
AD1 NGTCGASWGANAWGAA 
AD2 TGWGNAGSANCASAGA 
AD3 AGWGNAGWANCAWAGG 
AD5 NTCGASTWTSGWGTT 
AD6 WGTGNAGWANCANAGA 
Cloning  MYC2FL-F ATGGCTACTGATTACCGTCTGCAACCAACG 
MYC2CT-F ATGGCTGTTCTGAACGAAGATAAAGTTCTGTCTTTC 
MYC2FL-R TTAATGATGATGATGATGATGACCGATTTTTGAAATCAAACTTG 
MYC3FL-F ATGGCTAACGGCACCACCTCTTCTATCAACTTC 
MYC3CT-F ATGGCGAATGATTCTGATCATTC 
MYC3FL-R TCAATGATGATGATGATGATGATAGTTTTCTCCGACTTTCGT 
MYC4FL-F ATGGCGTCTCCGACGAATGTTCAA 
MYC4CT-F ATGGCGGTGAATTTCAAGAATGGTATT 
MYC4FL-R TCAATGATGATGATGATGATGTGGACATTCTCCAACTTTCTC  
MYC4NT-R  CATATGTTAATGATGATGATGATGATGTTCACAAGATTTCAGAACTTTAG 
MYC5FL-F ATGATTAATACCGACGATAACCTGCTGATGATC 
MYC5CT-F ATGGCGCTGGAGAAGAAGAAGGGTAAAAAG 
MYC5FL-R TCAATGATGATGATGATGATGGCTAATTTTCGACATCAACAA 
 
